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VLJQLILFDQW FKDQJH GULYHU ZKLFK KDV LQIOXHQFH RQ WKH &76 FDQ EH WHVWHG DQG WKH FRQGLWLRQV RI WKH
















, DP KLJKO\ LQGHEWHG WR 'U 7RELDV +HJPDQQV ZKR SURYLGHG FRQVWUXFWLYH VXJJHVWLRQV GXULQJ WKLV
UHVHDUFKSHULRGDQGWR0XVWDID*OOHUZKRKHOSHGPHWUHPHQGRXVO\LQVRIWZDUHVLPXODWLRQV
,ZRXOGOLNHWRH[SUHVVP\VLQFHUHWKDQNVWRDOOIDFXOW\PHPEHUVRIWKH/)2HVSHFLDOO\'DYLG6FKRO]












































































































































































































































































































)LJXUH  6FHQDULR  6WRUDJH EHKDYLRXU IRU EOXH UHG DQG \HOORZ SURGXFWV EHIRUH PHDVXUH
LPSOHPHQWDWLRQ








)LJXUH 6FHQDULR&XVWRPHU LQFUHDVHRID6KXWWOHFDSDFLW\E2UGHUSLFNHUFDSDFLW\ LQ WKH
ZRUNVWDWLRQ
)LJXUH  6FHQDULR  &XVWRPHU LQFUHDVH RI  D 6KXWWOH FDSDFLW\ E 2UGHU SLFNHU FDSDFLW\ LQ
ZRUNVWDWLRQV











































5HFHQW GHYHORSPHQWV LQ WKH ILHOG RI LQWUDORJLVWLFV KDYH UHVXOWHG LQ IXOO\ DXWRPDWHG ZDUHKRXVHV 7KXV
PDQ\LQGXVWULHVDXWRPDWHWKHLUZDUHKRXVHIDFLOLWLHVLQRUGHUWRREWDLQKLJKWKURXJKSXWOHYHOVDQGLPSURYH




6\VWHPV $656 DQG WKH $XWRQRPRXV 9HKLFOH 6WRUDJH DQG 5HWULHYDO 6\VWHPV $9556 %HVLGHV







QHZ W\SH RI DXWRQRPRXV YHKLFOH IRU LQWUDORJLVWLFV DSSOLFDWLRQV ZKLFK LV FDOOHG D 0XOWL6KXWWOH 0RYH
060 +RZHYHU FXUUHQW DXWRQRPRXV YHKLFOH DSSOLFDWLRQV VXFK DV $9656 DUH UHODWLYHO\ LQIOH[LEOH










WKH RSWLRQ ZKLFK EHVW HIIHFWXDWHV WKH VHW UHTXLUHPHQWV ,Q RUGHU WR PDQDJH DQ LQWUDORJLVWLFV V\VWHP
Development of an Agent Based Modelling and Simulation Tool for  





FRPSDQLHVQHHG WRNQRZ WKHHIIHFWVRI WKHLUGHFLVLRQVDQG WKH\QHHG WREHDZDUHRIZKLFKDSSURSULDWH
DFWLRQWRWDNHQH[W$WWKLVSRLQW$QWLFLSDWRU\&KDQJH3ODQQLQJ$&3DOORZVWKHV\VWHPWRLGHQWLI\QHZ



















DQG GLVFLSOLQHV WKH VLPXODWLRQ PRGHO RI ZDUHKRXVH V\VWHPV GHVLJQHG EDVHG RQ DJHQW DUFKLWHFWXUH LV
OLPLWHG%HVLGHVWKLVIDFWWKHUHDUHQRVWXGLHVDYDLODEOHLQ WKHOLWHUDWXUHFRQFHUQHGZLWK&76VLPXODWLRQ
GXH WR LWV QRYHOW\+HUHE\ WKH HVVHQWLDO TXHVWLRQ WR EH H[DPLQHG LQ WKLV VWXG\ LV KRZ WR VLPXODWH WKH
VWUXFWXUDOGHVLJQRI0XOWL6KXWWOH0RYH060WKLQNLQJWRJHWKHUZLWKFRQYHQWLRQDOZDUHKRXVHDFWLYLWLHV























,W LV FHUWDLQ WKDW DOO NLQGVRIEXVLQHVVHVKDYH FRQIURQWHGPDQ\GLIILFXOWLHV LQRUGHU WR UHFRQILJXUH WKHLU
RUJDQL]DWLRQV HFRQRPLFDOO\ DQG ZLWK WKH OHDVW HIIRUW EHFDXVH RI FRQWLQXRXVO\ FKDQJLQJ IDFWRUV RQ D
VWUDWHJLFWDFWLFDORURSHUDWLRQDOOHYHO2QHUHDVRQEHKLQGWKLVFKDOOHQJHLVWKHGHILFLHQF\RINQRZOHGJH
DERXW FKDQJH W\SHV DQG WKH GULYHUV RI WKHVH FKDQJHV (YHQ WKRXJK VRPH PHWKRGV H[LVW WR ILOO WKLV




HVSHFLDOO\ EDVHG RQ DXWRQRPRXV DUFKLWHFWXUH ZKLFK LV FDSDEOH RI DSSO\LQJ DQG DQWLFLSDWLQJ FKDQJHV







DQG XQH[SHFWHG HYHQW DQG WR SURDFWLYHO\ ILQG LWV HIIHFW RQ WKH LQWUDORJLVWLFV V\VWHP 7KH$QWLFLSDWRU\
&KDQJH 3ODQQLQJ DSSURDFK ZKLFK VKRXOG EH FRPSRVHG RI WKUHH IXQGDPHQWDO SDUWV FKDQJH SODQQLQJ
PHDVXUHVHWWLQJXSDVZHOODVDQDVVHVVPHQWPRGHOZLOOEHGHVLJQHG7KHNH\UROHRIWKLVGLVVHUWDWLRQLQ
DGGLWLRQWRWKHDERYHPHQWLRQHGDLPVZLOOEHWRPDNHVXUHWKDWDEHWWHUGHFLVLRQLVPDGHEHIRUHGXULQJ














Development of an Agent Based Modelling and Simulation Tool for  











$IWHU HQVXULQJ WKH DYDLODEOH FKDQJH GULYHUV DQG WKHLU LPSDFWV RQ GLIIHUHQW SHUIRUPDQFH NH\V LW LV
QHFHVVDU\ WR DVVHVV WKH HIILFLHQF\ RI &76 VWDWLVWLFDOO\ DIWHU FKDQJH LPSOHPHQWDWLRQ 7KHUHIRUH DQ











PDLQ SDUWV RI VWXG\ )LUVWO\ EDFNJURXQG LQIRUPDWLRQ DERXW LQWUDORJLVWLFV V\VWHPV DQG FRQYHQWLRQDO
LQWUDORJLVWLFV PHWKRGRORJLHV WR LQWURGXFH WKH &HOOXODU 7UDQVSRUW 6\VWHP &76 ZLOO EH SURYLGHG




&KDSWHU  LQWURGXFHV DQ HVVHQWLDO VWUXFWXUH RI VWXG\ IRU FUHDWLQJ DQ $&3 E\ SXWWLQJ IRUZDUG WKUHH
SODQQLQJVWHSV)LUVWWKH&KDQJH3ODQQLQJWRSLFFRPSULVHVDQH[WHQVLYHVWXG\DERXWFROOHFWLQJDOONLQGV
RI FKDQJH DQG FKDQJHDELOLW\ WR EXLOG XS D EDVLF VWUXFWXUH IRU WKH VLPXODWLRQ 6HFRQG LQ WKH0HDVXUH
3ODQQLQJVHFWLRQ WKH3URFHVV&KDLQ0HWKRG WRGHFLGHDQDSSURSULDWHPHDVXUHLQFDVHRIQHFHVVLW\DQG
6L[ 6WHSV 3ODQQLQJ WR DVVXUH D V\VWHPDWLF DSSURDFK IRU H[SHULPHQWDWLRQ ZLOO EH LQWURGXFHG 7KLUG







&KDSWHU  EHJLQV ZLWK VRPH DQDO\VHV IRU VLPXODWLRQ VRIWZDUH VHOHFWLRQ SDUWLFXODUO\ IRU $JHQW %DVHG
6LPXODWLRQ ,W LQFRUSRUDWHV WKH FRQVWUXFWLRQ RI WKH&76 DQG LQYROYHV ERWKPRGHOLQJ DQDO\VLVZLWK WKH




DQDO\WLFDO PRGHO )LUVWO\ &KDQJH 3ODQQLQJ 6LPXODWLRQ &36 LV HVWDEOLVKHG DORQJ ZLWK DOO ORJLF
DOJRULWKPV EHKLQG WKH &36 VXFK DV PDUNHW FRQGLWLRQV FXVWRPHU EHKDYLRUV HWF 6HFRQGO\ WKH UHVXOW





ZKLFK LQFOXGHV PHDVXUH DQDO\VHV ZLOO EH SURYHG E\ XVLQJ VFHQDULR DQDO\VHV $OVR YDOLGDWLRQ DQG
YHULILFDWLRQRISURSRVHGV\VWHPDFFXUDF\ZLOOEHHQVXUHGZLWKILYHVFHQDULRV








7KLVFKDSWHU LVDLPHG WRVXSSRUWHVVHQWLDONQRZOHGJHDQGSURYLGHDFRPSUHKHQVLYH OLWHUDWXUHUHYLHZRI
WKUHHPDLQ SDUWV RI WKH VWXG\ 7KHVH DUH  WKH LQWUDORJLVWLFV V\VWHP FRQFHSW LQZKLFK WKH FRQFHSW RI
LQWUDORJLVWLFVZLOOEHH[DPLQHGLQGHSWK$IWHUSURYLGLQJEDFNJURXQGLQIRUPDWLRQDERXWWKHLQWUDORJLVWLFV
V\VWHP WKH H[LVWLQJ PDMRU LQWUDORJLVWLFV PHWKRGRORJ\ H[DPSOHV QDPHO\ WKH $XWRPDWHG 6WRUDJH DQG
5HWULHYDO6\VWHP$656DQGWKH$XWRQRPRXV9HKLFOH6WRUDJHDQG5HWULHYDO6\VWHP$9656ZLOOEH
H[SODLQHG7KHQ WKH QHZ LQWUDORJLVWLFV WHFKQRORJ\ FDOOHG WKH&HOOXODU7UDQVSRUW 6\VWHP &76ZLOO EH
LQWURGXFHG  7KH $JHQW %DVHG 6LPXODWLRQ &RQFHSW ZKLFK LQYROYHV JHQHUDO LQIRUPDWLRQ DERXW
VLPXODWLRQDQGPRGHOOLQJLQSDUWLFXODUWKHOLWHUDWXUHDQGVWUXFWXUHRI$JHQW%DVHG6LPXODWLRQ$%6ZLOO
EHH[SODLQHGWRSURYLGHDEHWWHUXQGHUVWDQGLQJRIZK\$%6LVVHOHFWHGDVSDUWRIWKHVWXG\7KHODVW
KHDGLQJ LV UHODWHG WR WKH LQWURGXFWLRQ RI WKH $QWLFLSDWRU\ &KDQJH 3ODQQLQJ FRQFHSW ZKLFK FRQWDLQV
IXQGDPHQWDOGHILQLWLRQVDQGDOLWHUDWXUHUHYLHZZLWKUHJDUGWRSUHYLRXVVWXGLHV
 ,QWUDORJLVWLFV6\VWHP&RQFHSW
7KHUH LVQRGRXEWWKDW LQ WKH WLPHRIJOREDOL]DWLRQFRPSHWLWLRQ LV LQFUHDVLQJZKLOVWERUGHUVDUHJHWWLQJ
VPDOOHU7KLVKDVUHVXOWHGLQDULVHLQFXVWRPHUGHPDQGDQGPRUHDQDO\VLVDERXWKRZLWFDQEHGHDOWZLWK
&RPSDQLHV KDYH SURSRVHG VRPH VROXWLRQV ZKLFK DUH PRVWO\ LQFOXGHG LQ WKH ILHOG RI VXSSO\ FKDLQ
PDQDJHPHQWRUORJLVWLFVPDQDJHPHQWLQRUGHUWRPDQDJHWKLVLPSURYHPHQWDQGWRILQGWKHEHVWSRVVLEOH





2.1.1 Definition and Specifications of Intralogistics Systems 
$OWKRXJKLQUHFHQW\HDUVWKHWHUPLQWUDORJLVWLFVKDVEHFRPHPRUHFRPPRQO\XVHGLWKDVQRWEHHQGHILQHG
VXIILFLHQWO\ LQ OLWHUDWXUH DV \HW  7KH WHUP LQWUDORJLVWLFV LV JHQHUDOO\ XVHG LQ (QJOLVK OLWHUDWXUH DV D
ZDUHKRXVLQJ V\VWHPPDWHULDO KDQGOLQJ V\VWHPRUPDWHULDO IORZV\VWHPZKRVHGHILQLWLRQVZLOO ILUVWO\ LQ
RUGHUWRSURYLGHDEHWWHUXQGHUVWDQGLQJRIWKHWHUPµLQWUDORJLVWLFV¶





0DWHULDO IORZDQDO\VLV LV D V\VWHPDWLF DVVHVVPHQWRI WKH IORZRIPDWHULDOVZLWKLQ DGHILQHG VSDFH DQG
WLPH%UXQQHUHWDO0DWHULDOKDQGOLQJV\VWHPV LQWHJUDWHGDWDIORZVDQGSK\VLFDOPDWHULDO IORZV
IRUWKHKDQGOLQJDQGVWRUDJHSURFHVV
0DWHULDO KDQGOLQJ LV WKH PRYHPHQW RI PDWHULDOV UDZ PDWHULDOV VFUDS VHPLILQLVKHG DQG ILQLVKHG
SURGXFWVWR WKURXJKDQGIURPWKHSURGXFWLYHSURFHVV LQZDUHKRXVHVDQGVWRUDJHDQGLQUHFHLYLQJDQG
VKLSSLQJ DUHDV )UD]HOOH 7KHPHDQLQJRI WKHPDWHULDOV KDQGOLQJ V\VWHPFDQ EH VLPSOLILHG DV DQ
LQWHJUDWHGV\VWHPZKLFKLQFOXGHVPDLQZDUHKRXVLQJDFWLYLWLHVQDPHO\KDQGOLQJVWRULQJWUDQVSRUWLQJDQG
FRQWUROOLQJRIPDWHULDOV






RU FRPSDQ\ VLWH &H0DW  ,W LV QHFHVVDU\ KHUH WR FODULI\ H[DFWO\ZKDW µLQWUDORJLVWLFV¶PHDQV E\
JLYLQJ$UQROG¶V FRPSUHKHQVLYHGHILQLWLRQ ³LQWUDORJLVWLFV FRPSULVHVRUJDQL]DWLRQ FRQWUROOLQJ H[HFXWLRQ
DQGRSWLPL]DWLRQRIWKHLQKRXVHPDWHULDOIORZLQIRUPDWLRQIORZDVZHOODVKDQGOLQJLQLQGXVWU\DQGWUDGH
FRPSDQLHVDVZHOODVSXEOLFIDFLOLWLHV´$UQROG
2.1.2 Classification of Intralogistics Systems 
,QWUDORJLVWLFV V\VWHPV FDQ EH FDWHJRUL]HG EDVHG RQ SDUWLFXODU IHDWXUHV %DVLFDOO\ WZR W\SHV DUH
GLVWLQJXLVKHG LQ WHUPV RI ZDUHKRXVH IXQFWLRQDOLW\ 'LVWULEXWLRQ:DUHKRXVH DQG 3URGXFWLRQ:DUHKRXVH
5RXZHQKRUVW HW DO  ,Q DGGLWLRQ WR WKH GLVWULEXWLRQ DQG WKH SURGXFWLRQZDUHKRXVH WKH FRQWUDFW
ZDUHKRXVHLVDOVRLQWURGXFHGE\9DQGHQ%HUJDVDWKLUGW\SHRIZDUHKRXVH
7KH'LVWULEXWLRQ:DUHKRXVH 'LVWULEXWLRQ&HQWUH LV DZDUHKRXVH LQZKLFK SURGXFWV IURP GLIIHUHQW
VXSSOLHUVDUHFROOHFWHGDQGVRPHWLPHVDVVHPEOHGIRUGHOLYHU\WRDQXPEHURIFXVWRPHUV9DQGHQ%HUJ
7KHTXDQWLW\RIGLIIHUHQWSURGXFWVLQDGLVWULEXWLRQZDUHKRXVHLVPRVWODUJHDQGWKHPDMRUREMHFWLYH










Development of an Agent Based Modelling and Simulation Tool for  














WUDQVSRUW RI D SDOOHW IURP D JLYHQ SRLQW LQ WKHZDUHKRXVH WR DQRWKHU ORFDWLRQ 3DOOHWV DUHPRYHG E\ D
ZRUNHUXVLQJDIRUNOLIWWUXFNWRGRWKHYHUWLFDODQGKRUL]RQWDOWUDQVSRUWLQJ6HJHUOXQGHWDO7KH
PDQXDOV\VWHPLVDFODVVLFLQWUDORJLVWLFVPRGHORISLFNHUWRSDUWZKLFKPHDQVWKDWWKHRUGHUSLFNHUVHLWKHU

















WKH RUGHU SLFNHU RI DQ DXWRPDWHG LQWUDORJLVWLFV V\VWHP LV UHSODFHG E\ D URERW WKHQ DQ DXWRPDWLF
LQWUDORJLVWLFV V\VWHP LV REWDLQHG $Q $IUDPH DXWRPDWLF GLVSHQVHU PDFKLQH LV DQRWKHU DXWRPDWLF
LQWUDORJLVWLFVV\VWHPZLWKRXWRUGHUSLFNHUV9DQGHQ%HUJ













2.1.3 Main Activities of the Intralogistics System 
7KHIORZRISURGXFWVWKURXJKWKHLQWUDORJLVWLFVLVGLYLGHGLQWRVHYHUDOGLVWLQFWSKDVHVRUSURFHVVHV$WWKLV
SRLQW 9DQ GHQ %HUJ  VXEGLYLGHV WKH DFWLYLWLHV LQ D ZDUHKRXVH LQWR IRXU FDWHJRULHV UHFHLYLQJ










6XEVHTXHQWO\ WKH SURGXFWV DUH PDGH UHDG\ IRU LQVWDQFH E\ ODEHOOLQJ RU DWWDFKLQJ D EDUFRGH IRU
WUDQVSRUWDWLRQWR WKHVWRUDJHDUHD5RXZHQKRUVWHWDOGHILQH WKHVWRUDJHDUHDE\GLVWLQJXLVKLQJ LW
LQWRWZRSDUWVWKHUHVHUYHDUHDZKHUHSURGXFWVDUHVWRUHGLQWKHPRVWHFRQRPLFDOZD\EXONVWRUDJHDUHD
Development of an Agent Based Modelling and Simulation Tool for  















SLFNLQJ UHIHUV WR WKH UHWULHYDO SURFHVV ZKLFK PHDQV REWDLQLQJ WKH FRUUHFW DPRXQWV RI WKH SURGXFWV DV
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IDVW DFFXUDWH DQG HIIHFWLYH KDQGOLQJ RI SURGXFWV DOO GD\ ORQJ VDYLQJ LQ ODERXU FRVWV DQG VSDFH DQG
UHVXOWLQJLQKLJKUHOLDELOLW\ZLWKORZIDLOXUHUDWHV+RZHYHUKLJKLQVWDOODWLRQDQGPDLQWHQDQFHFRVWVDQG
OHVVIOH[LELOLW\GXHWRKXJHVWRUDJHUDFNVDQGFUDQHVFDQEHJLYHQDVH[DPSOHVRIREYLRXVGLVDGYDQWDJHV,Q
LWV PRVW EDVLF IRUP DQ $656 XVXDOO\ FRQVLVWV RI VWRUDJH UDFNV ZKLFK DUH VHUYHG E\ FUDQHV UXQQLQJ
WKURXJK DLVOHV EHWZHHQ WZR UDFNV ZKHUH SURGXFWV DUH VWRUHG DQG UHWULHYHG DXWRPDWLFDOO\ )LJXUH 
UHSUHVHQWVDQ$656DQGLWVFRPSRQHQWV
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DXWRQRPRXVYHKLFOHVZKLFK WUDQVSRUWSURGXFWVQRWRQO\ZLWKLQWKHVDPHDLVOHEXWDOVRIURPRQH WLHU WR
DQRWKHU XVLQJ OLIWV (NUHQ HW DO  ,Q RWKHUZRUGV DXWRQRPRXV YHKLFOHV WUDYHO KRUL]RQWDOO\ RYHU


















2.1.5 Proposed Intralogistics Systems: the Cellular Transport System   
7RGD\ UDSLGO\FKDQJLQJFXVWRPHUGHPDQGVVPDOORQOLQHRUGHUTXDQWLWLHV WLJKWGHOLYHU\VFKHGXOHVZLWK
KLJK FXVWRPHU VHUYLFH OHYHO UHTXLUHPHQWV DQG KLJK FRPSHWLWLRQ PDNH LW LQFUHDVLQJO\ GLIILFXOW IRU




7KH UHDVRQ ZK\ LQWUDORJLVWLFV V\VWHPV SOD\ DQ HYHUPRUH LPSRUWDQW UROH LQ FRPSDQLHV  LQFOXGHVPDQ\
FUXFLDORSHUDWLRQDOSRLQWVVXFKDVRQWLPHGHOLYHU\RIRUGHUHGJRRGVVHUYLFHDQGJRRGTXDOLW\LQWKHULJKW
TXDQWLW\ZLWK WKHULJKWVHTXHQFHDQGFRPSOHWLQJRUGHUVE\XVLQJ WKHULJKWPHWKRG LQWKHULJKWSRVLWLRQ
7KHUHIRUH WKH DOWHUQDWLYH LQWUDORJLVWLFV PHWKRGRORJ\ VKRXOG EH DSSURSULDWH IRU WKH YDOXH DGGHG FKDLQ
FRQFHSWRIFRPSDQLHVKDYHHQRXJKIOH[LELOLW\WRDGDSWWRPDUNHWVROXWLRQVDQGEHVWURQJO\DJLOHLQRUGHU
WR RYHUFRPH WKH ODWH RU QR GHOLYHU\ ULVN$W WKLV SRLQW WKH&HOOXODU7UDQVSRUW 6\VWHP &76 KDV EHHQ





Development of an Agent Based Modelling and Simulation Tool for  













EORFNV LQ D ZDUHKRXVH 7KH ODUJHVW LQVWDOODWLRQ DW WKH PRPHQW FRQVLVWV RI ILYH KXQGUHG .,9$ URERWV
KDQGOLQJVSURGXFWVLQWKH67$3/(686$&RPSDQ\:XUPDQHWDO
,QH[LVWLQJVWRUDJHFRQFHSWVSURGXFWVDUH VWRUHG LQD VSHFLILF IL[HG ORFDWLRQRI VWRUDJH UDFNV+RZHYHU
ZLWK.,9$LQYHQWRU\LVQRWERXQGWRSK\VLFDOORFDWLRQFRQVWUDLQWV$VDUHVXOWRIWKHIDFWWKDWSURGXFWVLQ
PRYDEOH VWRUDJH UDFNV FDQ EH GHOLYHUHG WR DQ\ RSHUDWRU WKH.,9$0RELOH5RERWLF )XOILOPHQW 6\VWHP
SURYLGHV H[WUHPHO\ IDVW F\FOH WLPHV ZLWK UHGXFHG ODERXU UHTXLUHPHQWV IURP UHFHLYLQJ WR SLFNLQJ DQG














WR WUDQVSRUWELJSDOOHW ORDGV RU IRUPLQJD FRQYHQWLRQDO FRQYH\RUEHOW WR WUDQVIHUSURGXFWVRYHU D UROOHU
FRQYH\RUORFDWHGRYHUHDFKYHKLFOH.DPDJDHZHWDO7KLVSURMHFWDLPVDWJHQHUDWLQJDUHODWLYHO\











PDUNHW LQ ,W LVEDVHGRQ$XWRPDWHG*XLGHG9HKLFOHORJLF\HW LWXVHV WKHRSHQSDWKQDYLJDWLRQDV
RSSRVHG WR VWHHULQJ XVLQJ D UDLOV SDWK $'$070 LV SURMHFWHG IRU DQ\ LQWUDORJLVWLFV DSSOLFDWLRQ WKDW
GHPDQGVWUDQVSRUWDWLRQRISURGXFWVLQXQSODQQHGVLWXDWLRQVDQGDLPVWRPD[LPL]HRSHUDWLRQDOHIILFLHQF\
E\ URERWLFDOO\ WUDQVSRUWLQJ $OWKRXJK WKH  $'$070 FRQFHSW LV QRW DEOH WR RIIHU D FRPSOHWH VROXWLRQ
LQFOXGLQJ D PDWHULDO KDQGOLQJ GHYLFH .DPDJDHZ HW DO  LQ UHFHQW \HDUV LWV FRPSDFW VL]H
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D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E
)LJXUHD$Q$'$070ZDUHKRXVHLPSOHPHQWDWLRQE$Q$'$07+URERW507URERWLFV
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7KH0XOWL 6KXWWOH0RYH LV DQ LQWHJUDWLRQ RI WKH VWDQGDUG VKXWWOHVSULQFLSOH DQG DQ$XWRPDWHG*XLGHG


























IDLUO\ VXUH WKHSKUDVH µ,QWHUQHWRI7KLQJV¶ VWDUWHG OLIH DV WKH WLWOHRI DSUHVHQWDWLRQ ,PDGHDW3URFWHU	
*DPEOH 3	* LQ/LQNLQJ WKHQHZ LGHDRI WKH5DGLR)UHTXHQF\ ,GHQWLILFDWLRQ'HYLFH 5),' LQ
3	*
V VXSSO\ FKDLQ WR WKH WKHQUHGKRW WRSLF RI WKH ,QWHUQHW ZDV PRUH WKDQ MXVW D JRRG ZD\ WR JHW













DOORZVRULJLQDO VROXWLRQV IRU LQWUDORJLVWLFV V\VWHPV+HQFH LW LV SRVVLEOH WR FKDQJHFRQYHQWLRQDO FHQWUDO
PDWHULDO IORZ V\VWHPV E\ D GHFHQWUDO PDWHULDO FRQWURO V\VWHP 'HFHQWUDOL]HG LQWUDORJLVWLFV V\VWHPV E\
PHDQVRI,QWHUQHWRI7KLQJVORJLFLVGHVFULEHGLQWKHIROORZLQJ)LJXUH
,Q WKH ULJKW VLGH RI WKH ILJXUH H[LVWLQJ FHQWUDOL]HG PDWHULDO IORZ PHWKRGRORJ\ LV GHSLFWHG 7HFKQLFDO
HTXLSPHQW VXFK DV FRQYH\RUV DQG SURGXFWV DUH ORFDWHG DW WKH ERWWRP RI WKLV FRQWURO S\UDPLG 7KHQ D
SURJUDPPDEOH ORJLFFRQWUROOHU 3/& LVVLWXDWHG LQ WKHPLGGOHZKLOH WKHFRQWURORIFHQWUDOL]HGPDWHULDO
IORZ WDNHV SDUW DW WKH WRS :KHUHDV WKLV KLHUDUFKLFDO VWUXFWXUH SRVVHVVHV D ODUJH ERWWRP ZLWK PXFK
WHFKQLFDOHTXLSPHQW WKHWRSRI WKHVWUXFWXUHFRQWDLQVRQHRUD IHZFRQWUROVRIFHQWUDOL]HGV\VWHPV7KH
IXQGDPHQWDOSULQFLSDORI WKH ,QWHUQHWRI7KLQJV LV WRXVH WKH VPDOOHU VHOIDXWRQRPRXVFRQWUROXQLWVDVD
VXEVWLWXWHIRUDFHQWUDOL]HGVWUXFWXUH7KHVHXQLWVDUHLQWKHOHIWVLGHRIWKHILJXUHUHSUHVHQWHGDVORJLVWLFDO
REMHFWVLHFRQYH\RUV5),'UHDGHUVDQGDOOOD\HUVDUHLGHQWLILHGLQDKLHUDUFKLFDOVWUXFWXUH)RULQVWDQFH
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UHDOLW\ WKDW ³KLHUDUFKLFDO VWUXFWXUHV DUH GLVVROYHG WRZDUGV D PHVKOLNH VWUXFWXUH ZLWK VHOIFRQWDLQLQJ
HQWLWLHV´ ,Q LQWUDORJLVWLFV V\VWHPV DXWRQRPRXV XQLWV FRQVLVW RI D YDULHW\ RI IXQFWLRQV LH FRQVLVWHQW




V\VWHP LQFOXGLQJ ILIW\ 0XOWLVKXWWOH 0RYH XQLWV ILYH RUGHU SLFNLQJ VWDWLRQV DQG VWRUDJH UDFNV ZLWK
HOHYDWRUVORFDWHGDW WZRVLGHVRIWKHVWRUDJHUDFNVZDVLPSOHPHQWHGWRH[DPLQHWKHSHUIRUPDQFHRIWKH



















2.2.1 The Modelling and Simulation Concept 
6\VWHP
,QOLWHUDWXUHQXPHURXVGHILQLWLRQVRIDV\VWHPFDQEHIRXQG*RUGRQRIIHUVDJRRGGHILQLWLRQRIµV\VWHP¶





$PRGHO LVDQDEVWUDFWLRQ WR UHSUHVHQWDQH[LVWLQJRUSURSRVHGV\VWHPVXFKDVDSURMHFW DEXVLQHVV DQ
HQYLURQPHQW RU D FRPSDQ\ ZDUHKRXVH ,W DWWHPSWV WR VLPXODWH D V\VWHP LQ WKH UHDO ZRUOG WKURXJK





DQ H[SHULPHQW ZLWK WKH V\VWHP LWVHOI ZLWKRXW XVLQJ DPRGHO  7KLV LV KRZHYHU IRU WHFKQLFDO UHDVRQV





'XH WR WKH VXEVWLWXWLRQ DQG VLPSOLILFDWLRQ RI WKH V\VWHP D PRGHO LV PXFK PRUH HFRQRPLFDO WKDQ WKH
FUHDWLRQRIWKHZKROHV\VWHP
2EYLRXVO\ D V\VWHP FDQ EH VLPXODWHG XVLQJ YDULRXVPRGHOV $V H[SODLQHG E\ *RUGRQ ³DPRGHO RI D
V\VWHPLVQRWXQLTXHEHFDXVHLWGLUHFWO\GHSHQGVRQWKHDLPRIWKHVWXG\´*RUGRQ,QIDFWDPRGHO
LVEDVHGRQ LQIRUPDWLRQJDWKHUHG IRU WKHSXUSRVHDQGRQDVVXPSWLRQVPDGH WR VLPSOLI\ WKHYLHZRI WKH
V\VWHP
*RUGRQ FODVVLILHV WKH GLIIHUHQW W\SHV RI PRGHOV DV VKRZQ LQ WKH )LJXUH  EHORZ DQG IXUWKHU
H[SODQDWLRQVDERXWHDFKFODVVDUHSURYLGHGDVIROORZV 
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RUGHU WR GHWHUPLQH ZKLFK TXDQWLW\ RI D SURGXFW VKRXOG EH SURGXFHG LW LV LPSRUWDQW WR WDNH LQWR
FRQVLGHUDWLRQWKHWLPHRI\HDUDVFXVWRPHUGHPDQGYDULHVHDFKPRQWK
7KH$QDO\WLFDODQG1XPHULFDO0RGHO
$QDO\WLFDOPHWKRGVDUHPDWKHPDWLFDOPRGHOV WKDWXVHDPDWKHPDWLFDO WKHRU\ WRVROYHD VHWRIHTXDWLRQV
DQGSURYLGHDQH[DFWVROXWLRQZKHUHDVQXPHULFDOPHWKRGVXVHDNLQGRIQXPHULFDOSURFHGXUHWRREWDLQWKH
EHKDYLRXU RI PRGHOV 1XPHULFDO PHWKRGV WU\ WR ILQG VROXWLRQV E\ XVLQJ FRPSXWDWLRQDO SURFHGXUHV
6LPXODWLRQPRGHOVDUHUHJDUGHGDVDQXPHULFDOPRGHO
2.2.2 System Simulation and Classification 
:KLOHDYDULHW\RIGHILQLWLRQVRI WKH WHUPVLPXODWLRQKDYHEHHQPDGH WKLVVWXG\ZLOOXVH WKHGHILQLWLRQ
ILUVWVXJJHVWHGE\6KDQQRQZKRVWDWHGWKDWDVLPXODWLRQLVWKHSURFHVVRIGHVLJQLQJDPRGHORID
UHDO V\VWHP DQG FRQGXFWLQJ H[SHULPHQWV ZLWK WKLV PRGHO IRU WKH SXUSRVH HLWKHU RI XQGHUVWDQGLQJ WKH
EHKDYLRXURIWKHV\VWHPRURIHYDOXDWLQJYDULRXVVWUDWHJLHVZLWKLQWKHOLPLWVLPSRVHGE\DFULWHULRQRUVHW
RIFULWHULD IRU WKHRSHUDWLRQRI WKHV\VWHP%DQNVRIIHUHGDQRWKHUGHILQLWLRQRIVLPXODWLRQ³6LPXODWLRQ
PHDQVLPLWDWLQJWKHRSHUDWLRQRIWKHUHDOV\VWHPWKURXJKDPRGHO´%DQNV$VDUHVXOWVLPXODWLRQ
FDQEHGHILQHGDVWKHSURFHVVRIFUHDWLQJDPRGHORIDQDYDLODEOHRUSURSRVHGV\VWHPLQRUGHUWRLGHQWLI\



















1DWXUDOO\ ZKHQ WKH XQNQRZQ IDFWRUV DQG WKHLU LQIOXHQFH DUH FRQVLGHUDEOH VLPXODWLRQ LV DOPRVW









$ GLVFUHWH V\VWHP LV D SRSXODU VLPXODWLRQ PHWKRGRORJ\ LQ ZKLFK WKH VWDWH YDULDEOHV FKDQJH RQO\ DW D
GLVFUHWH VHW RI SRLQWV LQ WLPH %DQNV HW DO  7KH GLVFUHWHHYHQW V\VWHP VLPXODWLRQ PRGHOV WKH




$ FRQWLQXRXV V\VWHP LV DQRWKHU VLPXODWLRQ WHFKQLTXH LQZKLFK WKH VWDWH YDULDEOHV FKDQJH FRQWLQXRXVO\
RYHU WLPH %DQNV HW DO  &RQWLQXRXV VLPXODWLRQV DUH WKHPRVW DSSURSULDWH LI WKH VWDWH YDULDEOHV













PRGHOV DQG SDFNDJHV7KH VLPXODWLRQV EXLOWZLWK WKHVH WRROV SRVVHVV WKH EHQHILWV RI DQ REMHFWRULHQWHG
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GHVLJQ LQFOXGLQJ WKH XVH RI HQFDSVXODWLRQ LQKHULWDQFH SRO\PRUSKLVP UXQWLPH ELQGLQJ DQG
SDUDPHWHUL]HG W\SLQJ 7KHVH FRQFHSWV FRXOG EH H[SODLQHG E\ FUHDWLQJ D VHW RI REMHFW IUDPHV ZKLFK
HQFDSVXODWHVLPXODWLRQUHTXLUHPHQWV
$JHQW%DVHG6LPXODWLRQV
7KLV LV D VSHFLDO FODVV RI GLVFUHWH HYHQW VLPXODWLRQ LQ ZKLFK WKHPRELOH HQWLWLHV DUH NQRZQ DV DJHQWV
:KHUHDV LQ WUDGLWLRQDO GLVFUHWH HYHQW PRGHOOLQJ WKH HQWLWLHV RQO\ KDYH DWWULEXWHV SURSHUWLHV WKDW PD\




2.2.3 Agent- Based Simulation  
$JHQW%DVHG6LPXODWLRQ$%6LVDQRYHOVLPXODWLRQPHWKRGRORJ\8QWLOWKHHDUO\VWKHWHUPµDJHQW¶
ZDV RQO\ XVHG ZLWKLQ WKH FRPSXWHU VFLHQFH ILHOG 5HFHQWO\ $JHQWEDVHG PRGHOOLQJ KDV EHFRPH PRUH
SRSXODU LQDEURDGUDQJHRIDUHDVDQGGLVFLSOLQHV$[HOURGFODLPV WKDWDQDJHQW LVD WKLUGZD\RIGRLQJ
VFLHQFH$[HOURG%RQDEHDXGHILQHVDQ\W\SHRILQGHSHQGHQWFRPSRQHQWWREHDQDJHQW%RQDEHDX
$FRPSUHKHQVLYHDQDO\VLVUHJDUGLQJWKHWHUPµDJHQW¶LVSURYLGHGE\ 0DHVZKRH[SODLQV
WKDW DQ DJHQW LV D FRPSXWDWLRQDO VWXG\ZKLFK LV ORQJ OLYHG KDV JRDOV VHQVRUV DQG HIIRUWV DQG GHFLGHV
DXWRQRPRXVO\ZKLFKDFWLRQVWRWDNHLQWKHFXUUHQWVLWXDWLRQWRPD[LPL]HSURJUHVVWRZDUGVLWVWLPHYDU\LQJ







 9ROXQWHHU 'HWHUPLQHG $JHQWV DUH DEOH WR SHUIRUP WKH WDVN WKHPVHOYHV ZKHQ LW LV EHOLHYHG
VXLWDEOHZLWKRXWH[WHUQDOLQWHUYHQWLRQ
7KHPDLQFKDUDFWHULVWLFVRIDJHQWVLQWURGXFHGE\:RROGULGJHHWDODUH




 5HVSRQVLYHQHVV$JHQWV VKRXOGEHDEOH WR UHFRJQL]H DQG LGHQWLI\ WKHLU HQYLURQPHQW LQRUGHU WR
UHDFWDQGGHFLGHWKHQH[WDFWLRQDWWKHDSSURSULDWHWLPH
 3URDFWLYLW\$JHQWVVKRXOGSRVVHVV WKHDELOLW\ WRUHSUHVHQWVRPHDOWHUQDWLYHEHKDYLRXUWRUHDFK
WKHZHOOGHILQHGJRDOZKHQQHHGHG











)XUWKHUPRUH 1ZDQD  SURYLGHV DQRWKHU FODVVLILFDWLRQ RI DJHQWV ZLWK UHVSHFW WR WKHLU WDVN
DVVLJQPHQWDVIROORZV
 &ROODERUDWLYH DJHQWV DUH DEOH WR FRPPXQLFDWH DQG QHJRWLDWHZLWK KXPDQV DQG RWKHU DJHQWV LQ
WKHLU HQYLURQPHQW WR DFKLHYH D FRPPRQ SXUSRVH E\ XVLQJ WKHLU LQGLYLGXDO DXWRQRP\ DQG
FRRSHUDWLRQVNLOOV
 ,QWHUIDFH DJHQWV DUH VSHFLILF DJHQWV UHVSRQVLEOH IRU VHWWLQJ XS D FRQQHFWLRQ ZLWK XVHUV E\
FROOHFWLQJDQGFRQYH\LQJLQIRUPDWLRQ





SUHGHWHUPLQHG DOJRULWKPV 7KHVH DJHQWV GR QRW SHUIRUP JRDOGLUHFWHG WDVNV OLNH RWKHU W\SHV RI
DJHQWV
 +\EULG DJHQWV DV 1ZDQD  SRLQWV RXW DUH DJHQWV ZKR H[KLELW WZR RU PRUH DJHQW






LQIRUPDWLRQ PDQDJHPHQW DQG VSHFLILFDOO\ DJHQWV FDQ EH DSSOLHG WR HQKDQFH H[LVWLQJ 0DQXIDFWXULQJ
,QIRUPDWLRQ 6\VWHPV 0,6V ,Q RWKHU ZRUGV RYHU WKH \HDUV WKH DJHQW WHFKQRORJ\ KDV EHHQ XVHG WR
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2.2.4 Literature Review of Agent-Based Simulation 
$JHQW%DVHG 6LPXODWLRQ KDV EHHQ DSSOLHG LQ D KXJH YDULHW\ RI ILHOGV DQG LV DOVR WULJJHUHG E\
























2.2.5 Structure of Agent Based Simulation 
-HQQLQJVVWDWHGWKDWWKHXVHRIDJHQWWHFKQRORJ\LVMXVWLILHGZKHQWKHDSSOLFDWLRQVDUHPRGXODU
GHFHQWUDOL]HGFKDQJHDEOHLOOVWUXFWXUHGDQGFRPSOH[2QHRIWKHPDLQGLIIHUHQFHVEHWZHHQ$%6DQG
RWKHU VLPXODWLRQPHWKRGRORJLHV LV WKDW$%6 LV DGHFHQWUDOL]HG V\VWHP$JHQWVKROG LQGLYLGXDO ORFDO
LQIRUPDWLRQ LQ RUGHU WR DFFRPSOLVK D SUHGHILQHG WDVNZLWKRXW DQ\ FHQWUDO SRZHU QHLWKHU DOORFDWLQJ
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FXVWRPHUV DQG YHKLFOHV WKDW KDYH VSHFLILF EHKDYLRXUV  $JHQWEDVHG PRGHOOLQJ GLIIHUV IURP RWKHU




7KH VWUXFWXUH RI DJHQWV FRXOG EH FUHDWHG XVLQJ GLIIHUHQW WHFKQLTXHV EDVHG RQ W\SHV RI VLPXODWLRQ
VRIWZDUHVXFKDVSURJUDPPLQJODQJXDJHRUJUDSKLFDOHGLWRUV$JHQWEDVHGPRGHOOLQJVKRXOGDOZD\V












GLIIHUHQW WKH W\SHV RI WKH DJHQWV VWDWHV 7KH VWDWHV UHSUHVHQW WKH DJHQWV¶ EHKDYLRXU LQ UHVSRQVH WR
YDU\LQJWLPHVRUFRQGLWLRQV
$ VWDWH FKDUW RU VWDWH GLDJUDP LV D JUDSKLFDO PHWKRG ZKLFK FDQ EH XVHG LQVWHDG RI SURJUDPPLQJ
ODQJXDJH6XFKDGLDJUDPIDFLOLWDWHVWKHVLPSOHDQGHIILFLHQWH[SUHVVLRQRIHYHQWVDQGWKHEHKDYLRXURI
DJHQWV 6WDWH FKDUWV DUH PDLQO\ FRPSRVHG RI VWDWHV DQG WUDQVLWLRQV ,Q RUGHU WR SURYLGH D EHWWHU
XQGHUVWDQGLQJRIVWDWHFKDUWVDQGWKHLUFRPSRQHQWVDCustomer BehaviourState ChartLVXVHGEHORZ
LQ)LJXUHDVDQLOOXVWUDWLYHH[DPSOH7KH&XVWRPHU%HKDYLRXU6WDWH&KDUWFRQVLVWVRIWKUHHVWDWHV























2.2.6 The Need for Agent Based Modelling 





WKH OHYHO RI DEVWUDFWLRQ RI FHUWDLQ VLPXODWLRQ DSSOLFDWLRQV $FFRUGLQJ WR %RUVFKHY¶V DQG )LOLSSRY¶V
GHILQLWLRQEHORZZDUHKRXVH DQGDXWRPRWLYH FRQWURO V\VWHPVFRXOGEH IRXQGRQ WKH ORZDEVWUDFWLRQ
OHYHO LQ RWKHU ZRUGV RQ WKH PLFUR OHYHO RU RSHUDWLRQDO OHYHO $JHQWEDVHG VLPXODWLRQ DSSURDFKHV
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YHUVDWLOH&HOOXODU7UDQVSRUW 6\VWHPV &76 DUH UHFRJQL]HG DV EHLQJ ORFDWHG RQ WKH ORZ DEVWUDFWLRQ
OHYHOZKLOH$QWLFLSDWRU\&KDQJH3ODQQLQJZKLFKFRUUHVSRQGVWRVXSSO\FKDLQDQGPDUNHWFRPSHWLWLRQ
LVVXHVDUHDFFHSWHGWREHORFDWHVRQWKHKLJKDEVWUDFWLRQOHYHO+RZHYHUERWK&76DQG$QWLFLSDWRU\
Low Abstraction, More Details, Micro Level 
Operational Level 
Warehouse Pedestrial Movement  Factory Floor 
Automative 
Control System 
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2.3.1 Definition of Anticipatory Systems 
0RVW RI WKH VFLHQWLILF VWXGLHV DERXW DQWLFLSDWRU\ V\VWHPV DUH QRW LQFOXGHG ZLWKLQ WKH VFRSH RI
LQWUDORJLVWLFV HQYLURQPHQW 7KH\ DUH JHQHUDOO\ FRQQHFWHGZLWK WKHRUHWLFDO ELRORJ\ LH ³Anticipatory 
Systems”E\5RVHQVHPLRWLFVLH³Anticipation”E\1DGLQRUDUWLILFLDOLQWHOOLJHQFHLH
³The Challenge of Anticipation” E\ 3H]]XOR HW DO  %HORZ WKUHH PDLQ GHILQLWLRQV RI
DQWLFLSDWRU\V\VWHPVIURPGLIIHUHQWVFLHQWLILFILHOGVDUHOLVWHG
5REHUW 5RVHQ GHILQHV DQWLFLSDWLRQ LQ DUWLILFLDO V\VWHPV DV ´$Q DQWLFLSDWRU\ V\VWHP LV D V\VWHP
FRQWDLQLQJDSUHGLFWLYHPRGHORI LWVHOIDQGRURI LWVHQYLURQPHQW WKDWDOORZV LW WRFKDQJH LWVFXUUHQW
VWDWHDWDQLQVWDQWLQDFFRUGZLWKWKHPRGHOSUHGLFWLRQVSHUWDLQLQJWRDODWHULQVWDQW´5RVHQ
$FFRUGLQJ WR 0LKDL 1DGLQ¶V GHILQLWLRQ DQWLFLSDWLRQ LV D UHFXUVLYH SURFHVV GHVFULEHG WKURXJK WKH
IXQFWLRQLQJRIDPHFKDQLVPZKRVHSDVWSUHVHQWDQGIXWXUHVWDWHVDOORZLWWRHYROYHIURPDQLQLWLDOWRD























$OVR WKH\PDNH D FOHDU GLVWLQFWLRQ EHWZHHQ SUHGLFWLRQ DQG DQWLFLSDWLRQ E\ SURYLGLQJ WKH IROORZLQJ
VWDWHPHQW3UHGLFWLRQLVDUHSUHVHQWDWLRQRIDSDUWLFXODUIXWXUHHYHQW$QWLFLSDWLRQLVDIXWXUHRULHQWHG
DFWLRQGHFLVLRQRUEHKDYLRXUEDVHGRQDLPSOLFLWRUH[SOLFLWSUHGLFWLRQ3H]]XORHWDO
2Q WKH EDVLV RI WKH GHILQLWLRQ DERYH WKH WHUP µDQWLFLSDWLRQ¶PLJKW EH VXPPHG XS LQ WHUPV RI WKH
LQWUDORJLVWLFV V\VWHPV FRQFHSW DV DQ LGHQWLILFDWLRQ DQG SUHGLFWLRQ RI SRWHQWLDOFKDQJHV LQ RUGHU WR
UHVSRQGLQDSSURSULDWHWLPHDQGWRPLQLPL]HWKHQHJDWLYHHIIHFWVDQGPD[LPL]HWKHSRVLWLYHHIIHFWVRI
VXFKFKDQJHV
2.3.2 Literature Review of Anticipatory Systems 
 5LVN0DQDJHPHQW






ܴ݅ݏ݇ ൌ ܮ݈݄݅݇݁݅݋݋݀ ൈ ܵ݁ݒ݁ݎ݅ݐݕ ൈ ܦ݁ݐ݁ܿݐ݅݋݊ 
µ5LVN0DQDJHPHQW¶LVGHILQHGDV³DQRUJDQLVHGSURFHVV WR LGHQWLI\ZKDWFDQJRZURQJ WR TXDQWLI\








H[SHFWHG LPSDFW RQ WKH GHILQHG V\VWHP ,Q RWKHUZRUGV WKLV DVVHVVPHQW HVVHQWLDOO\ GHDOVZLWK WZR
PDLQTXHVWLRQVILUVW³KRZOLNHO\DULVNLV´LHWKHIUHTXHQF\RIULVNDQGVHFRQG³KRZWHUULEOHWKH
ULVNFDQEH´LHWKHVHYHULW\RIULVN
5LVN(YDOXDWLRQ WKH SKDVH LQZKLFKPLWLJDWLRQ GHFLVLRQV DUH WDNHQ WR VWRS RU DW OHDVW UHGXFH WKH
HIIHFW RI ULVN 7KXV LW LV DOVR FDOOHG WKH ULVNPLWLJDWLRQ SKDVH  7KLV SKDVH LV FRPSRVHG RIPDQ\
PLWLJDWLRQVWUDWHJLHVDQGQHZLPSOHPHQWDWLRQSODQVZKHQWKHXQZDQWHGHYHQWRFFXUV
5LVN0RQLWRULQJWKHSKDVHLQZKLFKWKHLPSDFWRIPLWLJDWLRQSODQVLVIROORZHGXS)RUPDQ\UHDVRQV
DQ RUJDQL]DWLRQ VKRXOG KDYH D G\QDPLF FKHFN V\VWHP RQ PDQDJLQJ ULVNV LQ RUJDQL]DWLRQV DQG D
IUHTXHQWXSGDWHVV\VWHPE\DSSO\LQJVRPHRWKHUFKDQJHVZLWKLQWKHV\VWHPRULQWKHHQYLURQPHQW
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$FFRUGLQJ WR DGHILQLWLRQSURYLGHGE\ %HKGDQL 'LVUXSWLRQ0DQDJHPHQW LV D VWUXFWXUHGDQG
FRQWLQXRXV SURFHVV WR DQDO\]H WKH LPSDFW RI GLVUXSWLRQ DFURVV DQ LQWUDORJLVWLFV V\VWHP RQ WKH
SUHGHILQHGREMHFWLYHVDQGWRKDQGOHWKHVHGLVUXSWLRQVLQWKHLUZKROHOLIHF\FOH
7KHGLIIHUHQFHEHWZHHQULVNPDQDJHPHQWDQGGLVUXSWLRQPDQDJHPHQWFDQEHVLPSO\VKRZQZLWKWKH
KHOSRI WKHIROORZLQJ)LJXUH $OODFWLYLWLHVDUHGLYLGHGLQWR WZRFODVVHV LQ WHUPVRI WLPH3UH
'LVUXSWLRQ RU 3RVW'LVUXSWLRQ 3UH'LVUXSWLRQ DFWLRQV DUH DOVR FDOOHG µ3UHYHQWLRQ¶ DFWLRQV DQG IDOO
ZLWKLQ WKH DUHD RI 5LVN0DQDJHPHQW ZKHUHDV 3RVW'LVUXSWLRQ DFWLRQV DUH DOVR FDOOHG µ5HVSRQVH¶
DFWLYLWLHV DQG DUH EHLQJ GHDOW ZLWK E\ 'LVUXSWLRQ0DQDJHPHQW )RU WKLV UHDVRQ DOO DFWLYLWLHV DQG




%HKGDQL  FRPELQHV GLVUXSWLRQPDQDJHPHQW ZLWK ULVNPDQDJHPHQW E\ FUHDWLQJ DQRWKHU F\FOH
LQVLGHWKHULVNPDQDJHPHQWF\FOH,QVSLWHRIDOOUHTXLUHGDQGSUHYHQWLYHPHDVXUHVXQIRUWXQDWHO\WKH
XQZDQWHGGLVUXSWLRQFDQWDNHSODFH,QFDVHRIGLVUXSWLRQWKHILUVWDFWLRQVKRXOGEHFRPHDZDUHRIWKH
HYHQW LPPHGLDWHO\7KH QH[W SKDVH LV WKH GLVUXSWLRQ UHDFWLRQ SKDVH LQZKLFK SUHGHILQHGPLWLJDWLRQ
SODQVVKRXOGEHDSSOLHG,IWKHVHSODQVDUHQRWHQRXJKWRRYHUFRPHWKHQHJDWLYHHIIHFWRIGLVUXSWLRQ




















LQIRUPDWLRQ IURP WKHIRUHFDVW WHFKQLTXHVDQG LQWHJUDWH WKHPZLWK WKHGHFLVLRQPDNLQJSURFHGXUH LQ
RUGHUWRERWKUHVSRQGRQWLPHDQGLPSURYHH[LVWLQJV\VWHPV7KLVLVWKHJRDORI$&3ZKLFKLVXQGHU
WKHUHPLWRIWKLVGLVVHUWDWLRQUHVHDUFK
$&3 FRXOG EH GHILQHG DV D FRQWLQXRXV SURFHVV WKDW VXSSRUWV HIILFLHQW DQG HIIHFWLYH DVVHVVPHQW RI
FKDQJHVRUSRWHQWLDOULVNVLQFUHDVHVWKHDZDUHQHVVRIWKHVHFKDQJHVDQGLPSURYHVWKHPDQDJHPHQW
RI FKDQJHV ,Q UHYLHZLQJ WKH OLWHUDWXUH WKH DQWLFLSDWRU\ WHUP LV XVHG LQ PDQ\ VFLHQWLILF DUHDV IRU
LQVWDQFH LQ WKH $UWLILFLDO ,QWHOOLJHQFH $, ILHOG DV DQ DQWLFLSDWRU\ DJHQW  $QWLFLSDWLRQ FDQ EH
SHUIRUPHGE\DJHQWVGHSHQGLQJRQVRPHSUHGLFWLRQVSUHGHILQHGUXOHVRUVRPHVWDWLVWLFDOHTXDWLRQV
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'XERLV LQWURGXFHVFRPSXWLQJDQWLFLSDWRU\V\VWHPV WKDWDUHDEOH WRDQWLFLSDWHZLWKFRPSXWLQJ
SRZHU +H DOVR FODLPV WKDW FRPSXWDWLRQ LV QRW RQO\ UHODWHG WR DUWLILFLDO FRPSXWHUV OLNH D SHUVRQDO
FRPSXWHU EXW DOVR WR QDWXUDO V\VWHPV ZKLFK SHUIRUP FRPSXWDWLRQV 7KHUHIRUH WKH DQWLFLSDWRU\
SODQQLQJFRQFHSWLVFDUULHGRXWE\WKH860LOLWDU\DVDQHZDSSURDFKFDOOHGDQWLFLSDWRU\SODQQLQJ
DQG DGDSWLYH H[HFXWLRQ LQ RUGHU WR H[HFXWH SODQQLQJ SHUIRUPLQJ DQG PRQLWRULQJ SURFHVVHV
VLPXOWDQHRXVO\E\PHUJLQJXVHIXOLQIRUPDWLRQDQGDUWLILFLDOLQWHOOLJHQFHPHWKRGRORJLHV
$VKOH\ DQG 0RUULVRQ  SURYLGH D IORZ FKDUW PRGHO JLYHQ LQ )LJXUH  WR UHFRJQL]H DQG
PDQDJH WKUHDWV DQG RSSRUWXQLWLHV WKLV LV FDOOHG WKH $QWLFLSDWRU\ 0DQDJHPHQW 'HFLVLRQ 3URFHVV





































































DQ HVVHQWLDO OHYHORI VWXG\E\ LQWURGXFLQJ WKUHHSODQQLQJSKDVHVZKLFK DUH WKH FKDQJHSODQQLQJ
WRSLFZKLFKFRPSULVHVFRPSUHKHQVLYHLQYHVWLJDWLRQVDERXWDQ\NLQGRIFKDQJHDQGFKDQJHDELOLW\LQ
RUGHU WR RIIHU D EHWWHU XQGHUVWDQGLQJ RI RWKHU FKDSWHUV ,Q DGGLWLRQ SRVVLEOH FKDQJH GULYHUV DUH
DJJUHJDWHGDQGUHSUHVHQWHGLQDFRPSDFWZD\7KHPHDVXUHSODQQLQJVHFWLRQLQZKLFKWKHSURFHVV
FKDLQ PHWKRG LV LQWURGXFHG IRU PHDVXUH LGHQWLILFDWLRQ DQG DOVR 6L[ 6WHSV 3ODQQLQJ WR DVVXUH D
V\VWHPDWLFDSSURDFKIRUH[SHULPHQWDWLRQ)LQDOO\$VVHVVPHQWPRGHOSODQQLQJLVPDLQO\FRPSRVHG
RIPHWKRGVWRHYDOXDWHWKHSURGXFWLYLW\RIWKHLQWUDORJLVWLFVV\VWHP%HIRUHH[SODLQLQJWKHFRPSRQHQWV




V\VWHP LV UHTXLUHG 8QWLO QRZ YHU\ OLWWOH ZDV IRXQG LQ OLWHUDWXUH RQ WKH FRQFHSW RI V\VWHPDWLF
DQWLFLSDWRU\ FKDQJH SODQQLQJ $VKOH\ DQG 0RUULVRQ  FUHDWHG D IORZ FKDUW WR LGHQWLI\ DQG
VXSHUYLVH SRWHQWLDO WKUHDWV ULVNV RU FKDQJHV WKH\ FDOOHG LW WKH $QWLFLSDWRU\0DQDJHPHQW 'HFLVLRQ
3URFHVV 0RGHO )RU WKH YLVXDOL]DWLRQ RI WKH IORZ FKDUW VHH &KDSWHU  7KH ORJLF EHKLQG WKLV





7KH ILUVW HYDOXDEOH DQWLFLSDWRU\ FKDQJH V\VWHP LVSURYLGHGE\ 8\JXQ HW DO ZKLFK LVPRUH
FRQYHQLHQW IRU WKHSURMHFWHGPRGHOZLWKLQ WKHFRQFHSWRI WKLV VWXG\7KHSXUSRVHRI WKLV VWXG\ LV WR
FUHDWH D XWLOL]DWLRQEDVHG VLPXODWLRQ WRRO WKDW HQDEOHV XV WR PDQDJH WKH LQWUDORJLVWLFV V\VWHPV LQ D
FKDQJHDEOH DQG FKDOOHQJLQJ EXVLQHVV HQYLURQPHQW PRUH HIIHFWLYHO\ DQG HIILFLHQWO\  .XKQ HW DO
 7KH SURSRVHG DQWLFLSDWRU\ FKDQJHPRGHO LOOXVWUDWHG EHORZ LQ )LJXUH  LV JHQHUDWHG DQG
WKUHHPDLQVHJPHQWVDUHLQFOXGHGLQWKLVVWUXFWXUHµ3KDVH6HJPHQWV¶UHIHUVWRWKHPDLQSDUWVRIWKH
PRGHO ZKLFK FRQWLQXH LWHUDWLYHO\  7KH µ7DVN 6HJPHQW¶ LV D VHFRQG VHJPHQW LQ ZKLFK WKH
UHVSRQVLELOLWLHVDUHDOORFDWHGDQGDVVLJQHG7KHµ7RRO¶VHJPHQWVKRZVWKHUHTXLUHGPRGHOVQHHGHG
Development of an Agent Based Modelling and Simulation Tool for  







ORDG H[SHFWHG DQG XQH[SHFWHG RUGHUV VKRXOG EH WDNHQ LQWR FRQVLGHUDWLRQ E\ XVLQJ D SDUWLFXODU
VLPXODWLRQPRGHO7KHQH[W VWHS LV DERXW LGHQWLILFDWLRQ RI SRVVLEOH FKDQJH UHTXLUHPHQWV DVZHOO DV
GHWHUPLQLQJERWWOHQHFNRUGHILFLHQFLHVWKDWPLJKWKDYHRFFXUUHGGXULQJDSSOLHGFKDQJHV)RUWKLVVWHS
D VLPXODWLRQ WRRO LV QHHGHG WR VLPXODWH WKH H[LVWLQJ RU SURSRVHG LQWUDORJLVWLFV V\VWHP $IWHU WKH
UHTXLUHGFKDQJHVDUHLPSOHPHQWHGVRPHPHDVXUHVFRXOGEHQHFHVVDU\WRUHJXODWHWKHRQJRLQJV\VWHP
$WWKLVSRLQWPHDVXUHVDQGSUHFDXWLRQVDUHVSHFLILHG%HVLGHVWKDWDPHDVXUHVHOHFWLRQPRGHOVKRXOG










ZLWK EHIRUH FKDQJH KDSSHQV DQG WKH DGDSWDWLRQ SKDVH ZKLFK LV PRUH UHODWHG WR DIWHU PHDVXUH
LPSOHPHQWDWLRQ 7KHUH H[LVW IRXU OHYHOV ZKLFK DUH LQFOXGHG LQ WKH SUHSDUDWLRQ SKDVH :KHQ WKH
LQIOXHQFLQJRIFKDQJHLVGHWHFWHGWKHSODQQLQJSURFHVVEHJLQV,QWKHLGHQWLILFDWLRQSKDVHZKLFKLVWKH







LV FDSDEOH RI LPSOHPHQWLQJ WKLV FKDQJH RU QRW ,I D GHFLVLRQ LV WDNHQ WR DSSO\ D PHDVXUH WKH
DSSURSULDWH VFHQDULRV DERXW PHDVXUH W\SH DQG GXUDWLRQ DUH JHQHUDWHG DQG RWKHU DVVHVVPHQWV
FRQFHUQLQJ VFHQDULRV DUH SHUIRUPHG LQ WKH SODQQLQJ SKDVH ,Q WKH VXEVHTXHQW GHFLVLRQ SKDVH WKH
VHOHFWHG FKDQJH VFHQDULRV DUH FDUULHG RXW 7RWK HW DO  DUJXH WKDW WKHVH IRXU VWHSV VKRXOG EH








PDNH DVVHVVPHQWV *OOHU HW DO  7KH PRGHO LV FRPSRVHG RI VHYHUDO UHSHWLWLYH SDUWV ZKLFK
PLJKWEHGLVFXVVHGXQGHUWKUHHKHDGLQJV6FHQDULRJHQHUDWLQJLVWKHLQLWLDOSDUWRIDPRGHOLQWKDW
YDULRXV IXWXUH FDVH VFHQDULRV DUH SURGXFHG E\ WDNLQJ LQWR FRQVLGHUDWLRQ SRVVLEOH FKDQJH GULYHUV
XQFHUWDLQW\ VLWXDWLRQV RU SRWHQWLDO ULVN W\SHV ,Q RUGHU WR H[DPLQH WKHVH VFHQDULRV SURGXFW W\SH
TXDQWLW\TXDOLW\FRVWDQGGHOLYHU\WLPHDUHHQWHUHGLQWRWKHVLPXODWLRQ6LPXODWLRQUXQQLQJLVWKH
PDLQ SDUW RI WKH SODQQLQJ PRGHO WR VLPXODWH WKH IXWXUH FDVH LQ RUGHU WR HQDEOH DVVHVVPHQW 7KH
VLPXODWLRQ WRRO ILUVWO\ UXQV WKH H[LVWLQJ VLWXDWLRQ RI WKH LQWUDORJLVWLFV V\VWHP ZLWKRXW DQ\ FKDQJH
LPSOHPHQWDWLRQ:LWKLQWKLVIUDPHZRUNWKHIOH[LELOLW\FRUULGRUVDUHFRQVWUXFWHGWRUHFRJQL]HZKHWKHU
WKH H[LVWLQJ V\VWHP LV DEOH WR KDQGOH WKH FKDQJHV ORFDWHG LQ WKH IXWXUH VFHQDULR ,I LW LV QRW WKH
DSSURSULDWH PHDVXUHV DUH FKRVHQ WR RYHUFRPH WKH GHILFLHQF\ RFFXUUHG FKDQJH H[HFXWLRQ  7KH
PHDVXUHPHQWSDUWLQFOXGHVIOH[LELOLW\FRUULGRUVDQGSHUIRUPDQFHDYDLODELOLW\PHWKRGRORJ\WRFRPSXWH
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7KHVH GD\V DOO NLQGV RI EXVLQHVVHV KDYH FRQIURQWHG PDQ\ GLIILFXOWLHV ZKHQ UHFRQILJXULQJ WKHLU
RUJDQL]DWLRQVHFRQRPLFDOO\DQGZLWKWKH OHDVWHIIRUWEHFDXVHRIFRQWLQXRXVO\FKDQJLQJ IDFWRUVRQD




3.2.1 Definition of Change and Changeability 
:LHQGDKO  SURYLGHV WKH IROORZLQJ )LJXUH  LQ RUGHU WR XQGHUVWDQG ZKDW WKH PDLQ FKDQJH
GULYHUVDUHDQGWRGHILQHWKHDSSURSULDWHGHJUHHRIFKDQJHDELOLW\RIWKHP&KDQJHREMHFWVDUHGHVFULEHG
DQGFODVVLILHGRQ WKHEDVLVRI LWVGULYHU VWUDWHJ\ H[WHQVLRQ IRFXVDQG W\SH 0RUH H[SODQDWLRQV IRU
HDFKVWHSDUHJLYHQLQGHWDLODVIROORZV
&KDQJH GULYHUV WULJJHU D SUREDEOH FKDQJH LQ WKUHH GLIIHUHQW ZD\V E\ GHPDQG YRODWLOLW\ YDULHW\ LQ
SURGXFW UDQJH VL]H PRGHO VRPH IXUWKHU SURSHUWLHV DQG PRGLILHG FRPSDQ\ VWUDWHJ\ IRU WKH SULFH
FRPSHWLWLRQRU WDUJHW RI WKHPDUNHWLQJ SODQ7KH VHFRQG VWHSZKLFK LV DEOH WR FKDQJH IRFXV FDQEH
FDWHJRUL]HGLQWRWZRDUHDVLQWHUQDODQGH[WHUQDO,QWHUQDOFKDQJHREMHFWVGHDOZLWKGLVUXSWLRQVFDXVHG
E\ FRPSDQ\LQWHUQDO IDFWRUV VXFK DV PDFKLQH EUHDNGRZQV RU PDQSRZHU XQFHUWDLQW\ ZKHUHDV
FKDQJHDELOLW\RIH[WHUQDOFKDQJHREMHFWVGHDOZLWKHQYLURQPHQWDOIDFWRUVWKDWFDQGLUHFWO\RULQGLUHFWO\
OHDGWRGLVWXUEDQFHVZLWKLQWKHVXSSO\FKDLQVXFKDVQDWXUDOGLVDVWHUVRUSROLWLFDOLQVWDELOLW\7KHQH[W















7KH WHUP µFKDQJHDELOLW\¶ LV PRVW FRPPRQO\ XVHG LQ *HUPDQ OLWHUDWXUH DQG FDQ EH GHILQHG DV WKH
DELOLW\WRFKDQJHZKHQFRPSDQLHVQHHGWRDGRSWWKHLUV\VWHPVWRDQHZVWDWHRIDIIDLUV =DHKHWDO
$OWKRXJKWKHPHDQLQJRIFKDQJHDELOLW\LVFOHDUHQRXJKLQRUGHUWRGLVWLQJXLVKLWIURPVRPH




PDFKLQHV E\ HOLPLQDWLQJ RU FRPELQLQJ VRPH VSHFLILF KDUGZDUH RU VRIWZDUH LQ RUGHU WR DGMXVW WKH
PDQXIDFWXULQJV\VWHPWRGHVLUHGFDSDFLW\.RUHQHWDO'HVSLWHWKHIDFWWKDWUHFRQILJXUDELOLW\
FDQ SURYLGH WKH SRWHQWLDO WR PRGLI\ WKH GLPHQVLRQV EDVHG RQ UHTXLUHPHQWV LWV FRQFHSW GHDOV
H[FOXVLYHO\ZLWKWKHWHFKQLFDODVSHFWRIRUJDQL]DWLRQ
Development of an Agent Based Modelling and Simulation Tool for  













DQ DPELJXLW\ZKLFK FDQ REYLRXVO\ EH VHHQ 6ODFN ZKRSURSRVHGDQ H[SODQDWRU\ GHILQLWLRQ
VWDWHGWKDWWKHVHULHVRIDFFHVVLEOHVWDWHVDQGWKHWLPHDQGFRVWUHTXLUHGIRUPRYLQJIURPRQHSRLQWWR
DQRWKHUDUHPHDVXUHVYDULDEOHV WRDVVHVVZKHWKHUDV\VWHP LV  IOH[LEOHHQRXJKRUQRW$FRQILJXUHG
IOH[LEOHV\VWHPFDQJLYHRUJDQL]DWLRQVWKHIUHHGRPWRHQDEOHPRGLILFDWLRQVZLWKLQVSHFLILHGOLPLWV,Q
RWKHU ZRUGV IOH[LELOLW\ LV WKH RSWLRQ WR FKDQJH LQ SUHGHILQHG GLPHQVLRQV 7KXV ZKLOH WKH V\VWHP
FRPSRQHQWV UHPDLQ FRQVWDQW WKH FRQQHFWLRQV DQG LQWHUDFWLRQV EHWZHHQ WKHVH FRPSRQHQWV FDQ EH
UHDUUDQJHG
&KDQJHDELOLW\
$FRQVLGHUDEOHDPRXQWRI OLWHUDWXUHKDVFRPPRQO\ IHDWXUHG WKH WHUPµFKDQJHDELOLW\¶ZKLFKPD\EH
GHILQHG DV D UHVXOW RI IOH[LELOLW\ PRELOLW\ DQG D YHU\ IDVW FRQYHUVLRQ LQ FRQQHFWLRQ ZLWK KLJK
LQWHJUDWLRQ :LUWK HW DO  $FFRUGLQJ WR WKH GHILQLWLRQ SURYLGHG E\ :LHQGDKO HW DO 
FKDQJHDELOLW\ LVDQDELOLW\RID IDFWRU\ WRUHDFWHIIHFWLYHO\DQGHIILFLHQWO\RQSODQQHGDQGXQSODQQHG
FKDQJHV&RPSDULQJFKDQJHDELOLW\ZLWKRWKHUWHUPVPHQWLRQHGDERYH=DHKHWDOVWDWHVWKDWLW
LVPRUHWKDQUHFRQILJXUDELOLW\EHFDXVHLWLVQRWUHVWULFWHGWRKDUGZDUHRUVRIWZDUHHOHPHQWV'HVSLWH













3.2.2 Identification of Change Drivers 
,QHDUO\ OLWHUDWXUH WKHGLIIHUHQFHEHWZHHQXQFHUWDLQW\DQGULVN LVSXWIRUZDUGE\/XFHHWDO 
ZKR VWDWHV WKDW D SUREDELOLW\ FDQ EH JLYHQ IRU WKH ULVN LVVXHZKHUHDV WKH SUREDELOLW\ RI XQFHUWDLQW\
FDQQRW EH NQRZQ+RZHYHU &RYHOOR HW DO  FODULILHG WKH ULVN WHUP DV ³D FKDUDFWHULVWLF RI D





ZLWK D SUREDELOLW\ ZKLOH XQFHUWDLQW\ LV D WHUP WKDW FDQ LQFOXGH D YDULHW\ RI SRVVLEOH ZDQWHG DQG
XQZDQWHG HYHQWV ZLWK PDQ\ SRVVLELOLWLHV $OWKRXJK WKH DERYH PHQWLRQHG GLIIHUHQFH EHWZHHQ









LV LQVLGH WKH FRPSDQ\ DQG UHODWHG WR WKH ZDUHKRXVH FRQWURO V\VWHP $FFRUGLQJ WR WKH YDULDQFH
VWUXFWXUHRIXQFHUWDLQW\WKUHHFODVVHVKDYHHPHUJHGILUVWWKHXQSUHGLFWDEOHHYHQWZKRVHSUREDELOLW\RI
RFFXUUHQFH LVYHU\ ORZVXFKDVQDWXUDO ORVVGLVHDVHZDU IORRGDQGH[SORVLRQV VHFRQGSUHGLFWDEOH
HYHQWV WKDW DUH OLNHO\ IRU H[DPSOH ODERU GLVSXWH DQG GHPDQG VHDVRQDOLW\ WKLUG LQWHUQDO YDULDELOLW\
ZKLFK FDQ KDSSHQ DFFLGHQWO\ EHFDXVH RIZDUHKRXVHGDLO\ RSHUDWLRQV VXFK DV YDULDQFH LQ URXWLQJ RU
YDULDQFHLQRUGHUSLFNLQJ$GGLWLRQDOO\WKHWKLUGGLPHQVLRQRIWKHIROORZLQJJUDSKLVFRQFHUQHGZLWK
WKHXQFHUWDLQW\ LPSDFWRQ WKUHH OHYHOV VWUDWHJLF WDFWLFDO DQGRSHUDWLRQDO6WUDWHJLF OHYHOXQFHUWDLQW\
KDV D ORQJ WHUP LPSDFW RQ WKH ZDUHKRXVH DV D ZKROH IRU H[DPSOH WHUURULVP QDWXUDO GDPDJH RU
SDQGHPLF LOOQHVV$OWKRXJK WKHRFFXUUHQFHRI WKLVNLQGRIXQFHUWDLQW\ VRXUFHKDV D ORZSUREDELOLW\
WKH\FRXOGKDYH D VWURQJ LQIOXHQFHRYHU DOO VXSSO\ FKDLQRSHUDWLRQV/DERUGLVSXWHDQG IDFLOLW\ FRVW
FKDQJH WUHQGV FDQ EH JLYHQ DV DQ H[DPSOH IRU WDFWLFDO OHYHO XQFHUWDLQW\ZKLFK FRXOG KDYH HPHUJHG
IURP LQVLGH DQG RXWVLGH WKH ZDUHKRXVH DV ZHOO DV ZLWKLQ WKH VXSSO\ FKDLQ 2SHUDWLRQDO OHYHO
XQFHUWDLQW\WKDWLVGLUHFWO\FRQQHFWHGWRGDLO\RSHUDWLRQVKDVDVKRUW WHUPHIIHFWRQ ODERUHTXLSPHQW
DQGLQWHUQDOFRQWUROSDUDPHWHUV 
Development of an Agent Based Modelling and Simulation Tool for  

































(QYLURQPHQWDOXQFHUWDLQW\ VWHPV IURPDQ\GLVUXSWLRQV DQG IDLOXUHV RXWVLGH WKH VXSSO\ FKDLQ HJ





6XSSO\ XQFHUWDLQW\ LV FRQFHUQHG ZLWK DQ\ XQSUHGLFWDEOH GLVUXSWLRQV RU IDLOXUHV RI SURGXFW DQGRU
VHUYLFH IORZ IURP VXSSOLHUV HJ ZURQJ VXSSOLHU FKRVHQ VXSSOLHU VWULNH TXDOLW\ SUREOHPV LQ UDZ
PDWHULDOHWF
3URFHVV XQFHUWDLQW\ LV UHODWHG WR DQ\ GLVUXSWLRQV DQG IDLOXUHV RI UHVRXUFHV ,I DQ\ PDLQWHQDQFH LV






0LWLJDWLRQ VWUDWHJLHV DUH XVHG DV D PHDVXUH WR LGHQWLI\ KRZ WR SUHYHQW D SUREOHP RU GHFUHDVH WKH
QHJDWLYHHIIHFWRIWKHSUREOHPDIWHULWRFFXUVZLWKLQWKHULVNPDQDJHPHQWFRQFHSW+RZHYHUPHDVXUH
SODQQLQJLVGLIIHUHQWIURPPLWLJDWLRQ)LUVWO\DQXPEHURIDUWLFOHVDGGUHVVWKHVHVWUDWHJLHVZKLFKZLOO
EHKLJKOLJKWHGDVIROORZV 6HFRQGO\ WKH3URFHVV&KDLQ0HWKRGRORJ\ZLOOEHLQWURGXFHG LQRUGHU WR
PHDVXUH GHWHUPLQDWLRQ /DVWO\PRUH H[SODQDWLRQ DERXW 6L[ 6WHSV 3ODQQLQJ LV JLYHQ LQ RUGHU WR SXW
IRUZDUGDV\VWHPDWLFDSSURDFKWRVHDUFKLQJIRUWKHDSSURSULDWHPHDVXUH
Development of an Agent Based Modelling and Simulation Tool for  





3.3.1 Identification of Measures 
&KRSUD HW DO  GHVFULEH KRZ RUJDQL]DWLRQV FRXOGPLWLJDWH SRVVLEOH ULVN DQG XQFHUWDLQWLHV E\
XVLQJ WKH IROORZLQJ VWUDWHJLHV QDPHO\ DGG FDSDFLW\ DFTXLUH UHGXQGDQW VXSSOLHUV LQFUHDVH
UHVSRQVLYHQHVVDGGLQYHQWRU\LQFUHDVHIOH[LELOLW\SRRORUDJJUHJDWHGHPDQGDQGLQFUHDVHFDSDELOLW\
7KHVH VWUDWHJLHV DUH FRQFHUQHG SULPDULO\ZLWK WKH VRXUFH RI GHPDQGVLGH DQG VXSSO\VLGH ULVN )RU
7DQJWKHULVNUHVSRQVHDSSURDFKLVLQIRXUVWDJHV6XSSO\PDQDJHPHQWLQZKLFKE\KDYLQJ
PXOWLSOH VXSSOLHUV H[WUD LQYHQWRU\ RSWLRQV FDQ EH DSSOLHG WR HOLPLQDWH RU DW OHDVW UHGXFH WKH
XQIDYRXUDEOH VXSSO\ HIIHFWV 3URGXFWPDQDJHPHQWPLWLJDWLRQ VWUDWHJLHV FRXOGEHXVHG WR LQFUHDVH
WKHYDULHW\RISURGXFWUDQJHVGLIIHUHQWLDWHSRVVLEOHSURGXFWJURXSVRUWRLQWHJUDWHG\QDPLFDVVRUWPHQW
SODQQLQJ  'HPDQG PDQDJHPHQW DLPV WR FRSH ZLWK WKH XQFHUWDLQW\ RI GHPDQG ZKLFK FRQWDLQV
IRUHFDVWLQJ DQG G\QDPLF SULFLQJPLWLJDWLRQ WHFKQLTXHV  ,QIRUPDWLRQPDQDJHPHQW LV DYDLODEOH WR
RYHUFRPH WHFKQRORJLFDO RU UHODWHG SUREOHPV E\ XVLQJ LQIRUPDWLRQ VHFXULW\ WUDQVSDUHQF\ RU
FROODERUDWLRQPHWKRGV
2QH DUHD WKDW GHVHUYHV PRUH H[SODQDWLRQ LV WKH GLVWLQFWLRQ EHWZHHQ µPLWLJDWLRQ VWUDWHJLHV¶ DQG
µPHDVXUHV¶7KHGLIIHUHQFHEHWZHHQWKHVHWZRWHUPVH[KLELWWKDWPLWLJDWLRQVWUDWHJLHVIRFXVPDLQO\RQ
KRZ WR OHVVHQ WKH XQGHVLUHG LQIOXHQFH RI ULVN DQG XQFHUWDLQW\ VXFK DV GDPDJH KD]DUG FULVLV RU
LQFRPSDWLELOLW\&RQWUDU\WRWKHGHVFULEHGPLWLJDWLRQVWUDWHJLHVZLWKLQWKHVFRSHRIWKLVVWXG\WKHWHUP
µPHDVXUH¶KDVFRPHWREHXVHG WRUHIHU WRDQ\SUHFDXWLRQDU\EHKDYLRXULQUHVSRQVH WR WKHSHUFHLYHG
QHHGRIFKDQJHDELOLW\
7KURXJKWKHIROORZLQJ7DEOHZKLFKFRQWDLQVVRPHSRVVLEOHPHDVXUHDOWHUQDWLYHVSURYLGHGIURP
WKHSURFHVVFKDLQPHWKRGRORJ\ WKHFRPSDQLHVVKRXOGEHDEOH WR LGHQWLI\ WKHPHDVXUHV IRU WKHVKRUW
WHUPPLGGOH WHUP DQG ORQJ WHUP GXUDWLRQ$OVR WKH\ FDQ KDYH DQ DEVROXWH LGHD RIZKDWPHDVXUHV
PLJKWKDYHDQLQIOXHQFHRQFDSDFLW\FRVWRUHYHQWKURXJKSXWUDWH
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8\JXQ DQG /XIW  KDYH GHYHORSHG D PRGHO WR FKRRVH WKH PRVW DSSURSULDWH PHDVXUH
V\VWHPDWLFDOO\FDOOHGWKHPHDVXUHILOWHUPRGHO,WLVFRPSRVHGRIWKUHHSDUWVPHDVXUHVVWRUHIOH[LELOLW\
PDWUL[DQGUDWLQJV\VWHP,QWKHPHDVXUHVWRUHSDUWDOOSRVVLEOHPHDVXUHVDUHGLYLGHGLQWRIRXUJURXSV











WKH DERYH )LJXUH   ,)LOWHU LV DYDLODEOH WR XQGHUVWDQG WKH GHJUHH RI LQWHUGHSHQGHQF\ DPRQJ
PHDVXUHV))LOWHULVGHVLJQHGWRWHVWKRZHDV\WKHLPSOHPHQWDWLRQRIWKHDERYHPHQWLRQHGPHDVXUH
LVE\ORRNLQJDWOHJDOUHTXLUHPHQWVSK\VLFDOFRQGLWLRQVSK\VLFDODGMXVWPHQWHWF=)LOWHUTXDQWLILHV
WKH UHTXLUHG WLPH GXUDWLRQ ZKLFK FRQVLVWV RI DFTXLVLWLRQ WLPH LPSOHPHQWDWLRQ WLPH DQG UHVROXWLRQ
WLPH .)LOWHU HYDOXDWHV WKH SRVVLEOHPHDVXUHV EDVHG RQ ILQDQFLDO DVSHFWV FDXVHG E\ VHWXS FRVWV
UHVROXWLRQFRVWV DQGDSSOLFDWLRQFRVWV/DVWO\ 4)LOWHU LV LQVHUWHG LQ WKHPRGHO WR VWUHQJWKHQDQG
HYDOXDWH WKH OHYHO RI FRQWULEXWLRQ LQ WHUPV RI TXDOLW\ DQG  FRQVLGHUV SURFHVV PDQDJHPHQW VRFLDO
LQWHJUDWLRQDQGORDGFDSDFLW\SDUDPHWHUVLQRUGHUWRGHFLGHRQZKLFKPHDVXUHLVPRUHVXLWDEOH7KH


















3URFHVV 8UJHQW ;&KURQLF 
0HDVXUH




'HFUHDVHRIRUGHUVSHUZRUNVWDWLRQ      
,QFUHDVHVSHHGRIWKHZRUNHU      
$GGQHZZRUNHU      
'LVWDQFHEHWZHHQVWRUDJHDQGZRUNVWDWLRQ      






































































4XDOLILFDWLRQ      
))
LOWH
U/HJDOUHTXLUHPHQW      
3K\VLFDOFRQGLWLRQ      
3K\VLFDODGMXVWPHQW      
6SHFLILFIOH[LELOLW\      
7DUJHW
7ULDQJOH





$FTXLVLWLRQWLPH       
,PSOHPHQWDWLRQWLPH       
5HVROXWLRQWLPH       





6HWXSFRVW       
5HVROXWLRQFRVW       
$SSOLFDWLRQFRVW       





3URFHVVPDQDJHPHQW       
6RFLDOLQWHJUDWLRQ       
/RDGFDSDFLW\       
7RWDOWDUJHWWULDQJOH        7RWDO
,PSRUWDQFH
$EVROXWHO\        
5HODWLYH        
5DQNLQJ        
 
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FRQVHFXWLYHO\ WKLVPHDVXUHILOWHUPRGHO LVQRWFDSDEOHRISURYLGLQJ WKHUHTXLUHGSHUIRUPDQFH(YHQ
WKRXJKVHOHFWLQJ WKHPRVWVXLWDEOHPHDVXUHFRQFHSWLV LQFOXGHGZLWKLQWKHVFRSHRIWKLVGLVVHUWDWLRQ
WKHPHDVXUHILOWHUPRGHOZLOOQRWEHXVHGDORQJZLWKWKLVVWXG\
3.3.2 The Process Chain Model for Measures Determination 
7KHSURFHVVFKDLQDSSURDFKLVURRWHGLQ3RUWHU¶VQRWLRQRIWKHYDOXHFKDLQ%OHFNHQKRZHYHU
.XKQKDVPDGHLWZLGHO\NQRZQ+HDOVRSRLQWVRXWWKDWWKHLQLWLDOSRLQWRIWKLVPRGHOLVWKDW










HQWLUH V\VWHP ,Q DQ\ FDVH WKH IXQGDPHQWDO LGHD RI WKH SURFHVV FKDLQ LV WR RIIHU D FRPELQHG
UHSUHVHQWDWLRQZLWKSURFHVVHVDQGWKHLUUHODWLRQVDOOWRJHWKHU
7KHWLPHRULHQWHGYLHZPHDQV WKDWDOOSURFHVVHVDQGVXESURFHVVHVDUHDUUDQJHG LQ WLPHRUGHU ,W
IDFLOLWDWHVIROORZLQJWKHV\VWHPORDGPDWHULDORULQIRUPDWLRQIORZLQDQHDV\ZD\
7KH LQWHJUDWHG V\VWHP DSSURDFK PDNHV DYDLODEOH D KROLVWLF LOOXVWUDWLRQ RI HDFK SURFHVV ZKLFK
FRQVLVWVRIUHODWHGUHVRXUFHVSUHGHWHUPLQHGUXOHVLQSXWRXWSXWLQIRUPDWLRQDQGLWVVWUXFWXUH
6HOIVLPLODULW\ SURSHUW\ PHDQV WKDW DOO FRPSDQ\ RSHUDWLRQV DUH GHVFULEHG WKURXJK WKH VDPH
SDUDPHWHUVZKLFK DUH DOVR FDOOHG SRWHQWLDO FODVVHV%HFDXVH RI WKLV LW LV SRVVLEOH WR H[SDQG RQ WKH
SURFHVVFKDLQE\EUHDNLQJDSDUWLFXODUSURFHVVLQWRLWVVXESURFHVVHV
8QWLO QRZ WKH SURFHVV FKDLQ DSSURDFK KDV EHHQ HIIHFWLYHO\ LPSOHPHQWHGZLWK VXFFHVV IRU D ODUJH

















DUH SURFHVV VWUXFWXUH UHVRXUFH DQG FRQWURO ,Q DGGLWLRQ HYHU\ VLQJOH HOHPHQW FRQWDLQV VXE
FRPSRQHQWVDQGRQHSURFHVVLVWRWDOO\FRPSRVHGRIVHYHQWHHQGLIIHUHQWVXEFRPSRQHQWVDOVRFDOOHG
SRWHQWLDOFODVVHV,QWKHEHORZ7DEOHHODERUDWLYHH[SODQDWLRQVDUHSURYLGHGIRUDOOSRWHQWLDOFODVVHV





 3URFHVVVWUXFWXUH 'HILQHV VXE SURFHVVHVZKLFK DUH JHQHUDWHG WR VKRZ VPDOO WDVNVV\VWHPDWLFDOO\DQGVKRZVWKHIORZEHWZHHQSURFHVVHV
 6RXUFH
&UHDWHV SHUIRUPDQFH REMHFWV LQSXW WKDW IORZ WKURXJK WKH
SURFHVVHV RI WKH V\VWHP 7KH DWWULEXWHV RI WKH VRXUFH DUH REMHFW
W\SHWKHDPRXQWRIREMHFWFRVWDQGTXDOLW\RIREMHFW
 6LQN




 /D\RXW 'HILQHV WKH OD\RXW RI WKH HQWHUSULVH DQG VHWV XS GLIIHUHQWW\SHVRIWKHWRSRORJ\VWUXFWXUH
 2UJDQL]DWLRQDOVWUXFWXUH $VVLJQVWKHUHVSRQVLELOLW\IRUHDFKSURFHVV
 &RPPXQLFDWLRQVWUXFWXUH
'HVFULEHV WKH LQIUDVWUXFWXUH RI LQIRUPDWLRQ IORZV DQG WKHLU
FRPSRQHQWV
5HVRXUFHV
 3HUVRQQHO 5HIHUV WR DOO ODERXUHUV RU ZRUNHUV ZKR DUH ZRUNLQJ GLUHFWO\ LQRUGHUWRIXOILOWKHDVVLJQHGWDVN
 6SDFH ,GHQWLILHV VSHFLDO DUHDV DQG ILHOGV IRU HDFK SURFHVV DQGPHDVXUHVWKHIORZDPRXQWZLWKLQWKHVHDUHDV
 ,QYHQWRU\
4XDQWLILHV WKH DPRXQW RI VWRFNV ZKLFK LQFOXGHV WHPSRUDU\ DQG
SHUPDQHQW SURGXFWV DVZHOO DV UDZPDWHULDOV DQG VHPLILQLVKHG
SURGXFWV




 2UJDQL]DWLRQDOUHVRXUFHV 0HDQV HTXLSPHQW WKDW LV XWLOL]HG IRU LQIRUPDWLRQ VHUYLFHV HJFRPSXWHUSULQWHU
&RQWUROOLQJ
 1RUPDWLYHOHYHO




(VWDEOLVKHV DQ LQWHUIDFH IRU FXVWRPHUV DQG VXSSOLHUV DQG FROOHFWV
DOO RUGHUV LQ D SRRO WR FRQYH\ WKH OLVW RI RUGHUV WR WKH VXEOHYHO
FRQWUROVWDJH
 3ODQQLQJOHYHO 0DNHVDSODQWRGHOLYHUWKHFRQILUPHGRUGHUVRQDSUHGHWHUPLQHGGDWHDQGRSWLPL]HVDOOSURFHGXUHV
 1HWZRUNOHYHO 'HDOV ZLWK DOO WKH DUUDQJHPHQW DQG FRRUGLQDWLRQ RI UHVRXUFHV WRPDLQWDLQSURFHVVHVDQGWRILQGDOWHUQDWLYHVROXWLRQVLIQHHGHG
 &RQWUROOHYHO 2EVHUYHV WKH SURFHVVLQJ SHULRG WR DQDO\VH ZKHWKHU WKH UXOHV DUHDSSOLHGRUQRWDQGUHSRUWVFRQILUPDWLRQRIFRPSOHWLRQ
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3.3.3 The Six Steps Planning Method 
7KHSURFHVVFKDLQDSSURDFKGRHVQRWPHUHO\ LPSO\ WKDWWKHFRPSDQ\FDQ WDNHDGYDQWDJHRILWVKLJK
YLVXDOL]DWLRQIHDWXUHRUKROLVWLFVWUXFWXUHWRLPSURYHXQGHUVWDQGLQJ%HVLGHVLWKDVEHHQXVHGWREXLOG
XS D SODQQLQJ PHWKRGRORJ\ ZKLFK SHUIRUPV LWHUDWLYHO\ ZLWK WKH KHOS RI WKH DERYHPHQWLRQHG
VHYHQWHHQSURFHVVFKDLQVXEFRPSRQHQWV,WZRXOGEHHDVLHUWRPDNHDQDQDO\VLVDQGILQGVROXWLRQVIRU




   























DQG D VLQN SDUDPHWHU ZKLFK FRQYH\V WKH WUDQVIRUPHG SHUIRUPDQFH REMHFWV LQWR DQRWKHU SURFHVV
+RZHYHUWKHSHUIRUPDQFHREMHFWLVGLIIHUHQWIRUHDFKSURFHVV)RUH[DPSOHLQDQXQORDGLQJSURFHVV






,Q WKLV VWHS WKH GHVLJQ RI WKH RUJDQL]DWLRQ FKDUW LV HVWDEOLVKHG E\ DOORFDWLQJ UHVSRQVLELOLW\ WR HDFK
SURFHVV  7R PDLQWDLQ EHWWHU SHUIRUPDQFH IURP WKLV PRGHO HDFK RSHUDWLRQ VKRXOG EH XQGHU RQH¶V





SURFHVV  $OO NLQGV RI UHVRXUFHV FDQ EH FROOHFWHG XQGHU ILYH FODVVHV WKHVH DUH  SHUVRQQHO VSDFH
LQYHQWRU\PHDQVRISURGXFWLRQDX[LOLDU\PHDQVRISURGXFWLRQDQGRUJDQL]DWLRQDOUHVRXUFHVZKLFKDUH
H[SODLQHG LQ GHWDLO LQ 7DEOH  DERYH +DYLQJ D FRPSUHKHQVLYH NQRZOHGJH RI UHVRXUFHV IRU WKH
FRQFHUQLQJSURFHVVSURYLGHVDQDELOLW\WRILQGDVXLWDEOHPHDVXUHVWUDWHJ\IRUWKHHQFRXQWHUHGFKDQJHV
,QRUGHUWRREWDLQDEHWWHUXQGHUVWDQGLQJWKHRUGHUSLFNLQJSURFHVVFDQEHGLVFXVVHGDVDQH[DPSOH
7KH RUGHU SLFNLQJ SURFHVV LV H[HFXWHG E\ ILYH ZRUNHUV ZKR DUH ZRUNLQJ RQ HDFK ZRUNVWDWLRQ LQ
ZRUNVWDWLRQ]RQHVXVLQJKDOIHPSW\ELQVDQGSDOOHWV,QDGGLWLRQIRUNOLIWVDQGWUDQVSRUWDWLRQYHKLFOHV
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,Q DQ DWWHPSW WR HYDOXDWH WKH SHUIRUPDQFH RI H[LVWLQJ V\VWHPV RU LPSURYHG V\VWHPV DQ DVVHVVPHQW
PRGHOLVGHYHORSHGZKLFKLVFRPSRVHGRIPDLQO\WZRSDUWVIOH[LELOLW\FRUULGRUVDUHHVWDEOLVKHGWR
GHWHUPLQH WKH XSSHU DQG ORZHU ERXQGDULHV RI FRQWURO SDUDPHWHUV DQG  SHUIRUPDQFH DYDLODELOLW\ LV
GHYHORSHGWRFDOFXODWHWKHHIILFLHQF\RIWKHRYHUDOOV\VWHP
3.4.1 Flexibility Corridors 
7KHIOH[LELOLW\FRUULGRUVFRQFHSWLVQRWZHOONQRZQLQ(QJOLVKOLWHUDWXUH$OWKRXJKWKHRULJLQRI WKLV
FRQFHSW LV NQRZQ WR EH *HUPDQ\ WKHUH LV VWLOO QRW HQRXJK SXEOLVKHG VWXGLHV DYDLODEOH GHVFULELQJ
VSHFLILFDWLRQRIWKHIOH[LELOLW\FRUULGRUV:KHQDFRPSDQ\ZDQWV WRLPSOHPHQWDQ\FKDQJHDELOLW\RQ
PDQXIDFWXULQJ RU ORJLVWLF V\VWHPV DV D VWUDWHJLF OHYHO GHFLVLRQ WKH NH\ RI DELOLW\ LV WR DGMXVW WKH
H[LVWLQJ V\VWHP RQ WKH EDVLV RI SUHGHWHUPLQHG FRUULGRUV RI IOH[LELOLW\ LQ D VKRUW WLPH DQG ZLWK
UHDVRQDEOHLQVWDOODWLRQFRVWV%DXG]XVHWDO7KHSULQFLSOHEHKLQGIOH[LELOLW\FRUULGRUVWKLQNLQJ
LV WR HQVXUH ZKHWKHU RU QRW WKH FKDQJHV DUH ORFDWHG ZLWKLQ WKH DFFHSWDEOH XSSHU DQG ORZHU OLPLWV
4XDQWLW\ TXDOLW\ WLPH SURGXFW DQG FRVW SDUDPHWHUV FRXOG EH RQH OHQJWKZLVH PHDVXUHPHQW RI WKH
IOH[LELOLW\FRUULGRUV,QDGGLWLRQWRWKLVFXVWRPHURULHQWHGHJRQWLPHGHOLYHU\SHUIRUPDQFHSURGXFW
DYDLODELOLW\ DQG FRPSDQ\RULHQWHG HJ WKURXJKSXW UDWH FDSDFLW\ XWLOL]DWLRQ SDUDPHWHUV FDQ EH





















3.4.2 Performance Availability 
$FFRUGLQJWRDGHILQLWLRQSURYLGHGE\9',JXLGHOLQHSHUIRUPDQFHDYDLODELOLW\LVD³'HJUHHRI
IXOILOPHQWRISURFHVVHVDJUHHGEHWZHHQFRQWUDFWSDUWLHVPDQXIDFWXUHUDQGXVHULQDFFRUGDQFHZLWKWKH
UHTXLUHPHQWVDQGGHDGOLQHV DQG LQ FRPSOLDQFHZLWK WKHDJUHHGEDVLF FRQGLWLRQV´%HFDXVH WKLV LVD
QRYHOFRQFHSWVWXGLHVWRILQGWKHFDOFXODWLRQRISHUIRUPDQFHDELOLW\KDYHQRW\HWEHHQFRPSOHWHG8S
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ߟ௅  ൌ ேష୬୒           
1HYHUWKHOHVV FXUUHQW LQWUDORJLVWLFV V\VWHPV DUH EHFRPLQJPRUH FKDOOHQJLQJ LQRUGHU WRPHDVXUH WKH
VLWXDWLRQVGXH WRSHUIRUPLQJYDULRXVRSHUDWLRQV VLPXOWDQHRXVO\+HQFH WKHDERYHHTXDWLRQVDUHQRW
VXIILFLHQW HQRXJK WR TXDQWLI\ WKH SHUIRUPDQFH DYDLODELOLW\ RI D ZKROH HQWHUSULVH DV ZHOO DV WR
RYHUFRPH WKLV FKDOOHQJH'XH WR WKLVZLWKLQ WKH VWUXFWXUH RI WKLV GLVVHUWDWLRQ WZRPHWKRGVZLOO EH





WR EH DYHUDJHG LV DVVLJQHG D ZHLJKW LV FDOOHG WKH :HLJKWHG $YHUDJH 0HWKRG 7KH ZHLJKWLQJ
FRHIILFLHQW GHILQHV WKH SURSRUWLRQ RI WKH LPSRUWDQFH RI HDFK LWHP RQ WKH DYHUDJH 7KH ZHLJKWHG
DYHUDJHIRUPXODDQGQRWDWLRQVDUHJLYHQEHORZ














PHWKRGRORJ\ LV FDSDEOH RI ZRUNLQJ ZLWK ERWK QXPHULF DQG QRQQXPHULF FKDUDFWHUV DQG SURGXFLQJ
VWDWHVLQZKLFKWRPDNHEHWWHUGHFLVLRQV6DEHXUHWDO,QWKLVVWXG\WKHIX]]\ORJLFDSSURDFK






















DQG VLPXODWHG JUDGXDOO\ ,Q VXEVHFWLRQ  DOO RSHUDWLRQV FDUULHG RXW LQ &76 DUH GHWHUPLQHG DQG






7KH VRIWZDUHPDUNHW RIIHUV PXOWLSOH VLPXODWLRQ VRIWZDUH SDFNDJHV 6RPH DUHPRUH H[SHQVLYH WKDQ
VRPH KDYH PRUH FRPPRQ IHDWXUHV DQG FDQ EH XVHG LQ D ZLGH UDQJH RI DSSOLFDWLRQ DUHDV ZKHUHDV
RWKHUVDUHPRUHVXLWHGWRRQO\RQHILHOG6RPHDOVRKDYHDVWURQJDVSHFWRIPRGHOOLQJZKHUHDVRWKHUV
SURYLGH RQO\ HVVHQWLDO IHDWXUHV ,Q RWKHU ZRUGV WKHUH DUH WRR PDQ\ SURSHUWLHV WKDW PDNH HDFK
VLPXODWLRQSDFNDJHGLIIHUHQW$OOVLPXODWLRQSDFNDJHV¶SDUWLFXODUVWUHQJWKVDQGZHDNQHVVHVGLIIHUIURP
RQH DQRWKHU 7KLV PDNHV LW WRR KDUG WR VHOHFW DQG SXUFKDVH D VLPXODWLRQ SDFNDJH DQG ILQGLQJ WKH
DSSURSULDWH VLPXODWLRQ SDFNDJH LV LPSRUWDQW DV LW FDQ VDYH D ORW RI PRQH\ 2Q WKH RWKHU KDQG D
VHOHFWLRQRILQDGHTXDWHSDFNDJHVFDQUHVXOWLQGHOD\HGDQGGLVUXSWHGSURMHFWVDQGDORVVRIWLPHDQG
UHVRXUFHV





+ROGHU  DSSURDFKHV WKH VHOHFWLRQ RI VLPXODWLRQ VRIWZDUH VWUXFWXUDOO\ ,Q DFFRUGDQFHZLWK WKLV











'DYLV DQG :LOOLDPV  HYDOXDWH DQG VHOHFW WKH EHVW VLPXODWLRQ VRIWZDUH XVLQJ WKH $QDO\WLFDO
+LHUDUFK\3URFHVV$+3PRGHOZKLFKSURYHVWREHDJRRGDLGIRUVWUXFWXULQJSUREOHPVHYDOXDWLQJ
DOWHUQDWLYHVDQGPDNLQJJRRGGHFLVLRQV
+OXSLF DQG 3DXO  UHSUHVHQWHG DSSUR[LPDWHO\ WKUHH KXQGUHG FULWHULD IRU WKH HYDOXDWLRQ DQG
VHOHFWLRQRIVLPXODWLRQVRIWZDUH1RWRQO\WKHDPRXQWRIFULWHULDEXWDOVRWKHLUOHYHOVRILPSRUWDQFH
DUH DSSOLHG LQ WKH PDQXIDFWXULQJ HQYLURQPHQW +OXSLF HW DO  GHYHORSHG D VRIWZDUH WRRO
6LP6HOHFWZKLFK VHOHFWV VXLWDEOH VLPXODWLRQ VRIWZDUH EDVHG RQ WKH UHTXLUHG IHDWXUHV9HUPD HW DO
 SUHVHQWHG D FRPSUHKHQVLYH IUDPHZRUN ZKLFK FDQ EH XVHG IRU HYDOXDWLRQ RI D VLPXODWLRQ
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 Air traffic control 
and space systems 
1% 
 Business process 
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workflows 
11%  Complex system 
design evaluation 












 Decision and risk 
analysis 
3% 
 Education and 
training 
4% 
 Financial modeling 
4% 





 Military / combat 
systems 
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systems 
7% 
 What if scenarios 
0  
FODVVLILHG LQWR VXEJURXSV DFFRUGLQJ WR WKHLU FKDUDFWHUV 7KHVH PDLQ JURXSV LQFOXGH KDUGZDUH DQG
VRIWZDUHFRQVLGHUDWLRQVPRGHOOLQJFDSDELOLWLHVVLPXODWLRQFDSDELOLWLHVDQGLQSXWRXWSXWLVVXHV'LDVHW
DOGHDOWZLWKGLVFUHWHHYHQWVLPXODWLRQVHOHFWLRQLQDGLIIHUHQWZD\7KHDXWKRUVFODLPHGWKDW




SDFNDJHV LV OLPLWHG ,QDGGLWLRQ WKHUHDUHQRWVXIILFLHQWSDSHUVWKDWSURYLGHPHWKRGVDQGVWUDWHJ\ LQ
RUGHU WR HYDOXDWH WKH VLPXODWLRQ SDFNDJHV IRU $%6 6LJQLILFDQW SDSHUV ZLWK WKHLU H[SODQDWLRQV DUH
OLVWHGLQWKHDERYHWDEOH$VFDQEHVHHQDFDGHPLFVDQGVLPXODWLRQXVHUVLQEXVLQHVVDUHLQWHUHVWHGLQ
UHVHDUFKLQWKLVDUHDHVSHFLDOO\GXULQJUHFHQW\HDUV)RULQVWDQFH1LNRODLHWDOFRPSDUHGDQG
FODVVLILHG DSSUR[LPDWHO\ ILIW\ WKUHH DJHQW EDVHG VLPXODWLRQ VRIWZDUH SDFNDJHV EDVHG RQ V\VWHP
SHUIRUPDQFHDQGXVHULQWHUIDFH




RQ WKH XVH RI DXWRPDWHG PDQXIDFWXULQJ V\VWHPV $GGLWLRQDOO\ YLVXDO DQG LQWHUDFWLYH IHDWXUHV RI
VLPXODWLRQSDFNDJHVSURYLGH DEHWWHUXQGHUVWDQGLQJDQGDUHHDVLHU WRXVHZKHQDSSOLHG LQ LQGXVWULDO




















)RXU VLPXODWLRQ WRROV WKDWSHUIRUPDFFRUGLQJ WRDJHQWEDVHGSULQFLSOHVDUH VHOHFWHG WRGHFLGHZKLFK
RQHFRXOGEHPRUHDSSURSULDWHZLWKLQWKHVFRSHRIWKLVWKHVLV7KHFKRLFHLVEDVHGRQWKHLPSRUWDQFH
RI WKH HQYLURQPHQW LQ OLWHUDWXUH DQG WKHVH SDFNDJHV DUH FRQVLGHUHG WR EH DPRQJ WKHPRVW HIIHFWLYH
SODWIRUPV LQ WKHPDUNHW $Q\/RJLF0$621 0XOWL$JHQW 6LPXODWLRQ RI1HLJKERUKRRGV5H3DVW





4.1.2 Simulation Software Evaluation Criteria and Methodology  
/DZHWDOGLVWLQJXLVKWKHVLPXODWLRQWRROIURPVLPXODWLRQODQJXDJHVDQGFODVVLILHGHLWKHUDVD
VLPXODWLRQ ODQJXDJH RU VLPXODWRU WKDW KDV WKH VDPHPHDQLQJ DV WKH VLPXODWLRQ WRRO DQG VLPXODWLRQ
SDFNDJHV:KHQVLPXODWLRQODQJXDJHLVHPSOR\HGVXFKDV6,0$1WKHVLPXODWLRQPRGHOLVGHYHORSHG
E\ZULWLQJDSURJUDP$OWKRXJKWKLVWHFKQLTXHVXSSRUWVPXFKPRUHIOH[LELOLW\LWLVKDUGWROHDUQDQG
FRVWO\ 2Q WKH RWKHU KDQG WKH VLPXODWRU HQDEOHV XVHUV ZKR KDYH VRPH SUHYLRXV H[SHULHQFH LQ
VLPXODWLRQ WR PRGHO WKH V\VWHP ZLWK OLWWOH RU QR SURJUDPPLQJ H[SHULHQFH 'XH WR WKLV DGYDQWDJH
VLPXODWRUV KDYH EHHQ SUHIHUUHG LQ EXVLQHVV DQG PDQXIDFWXULQJ DUHDV LQ UHFHQW \HDUV LQVWHDG RI
VLPXODWLRQODQJXDJHV$Q\/RJLFFDQEHJLYHQDVDQH[DPSOHRIDVLPXODWRU
$OWKRXJKIRXUVLPXODWLRQSDFNDJHV$Q\/RJLF0$6215H3DVWDQG1HW/RJRFDQEHDSSOLHGLQWKH
LQWUDORJLVWLFV HQYLURQPHQW DQGKDYH VRPHFRPPRQ IHDWXUHV OLNH WHVWDELOLW\ DQDO\VLV FDSDELOLW\ DQG
YLVXDOLW\WKHUHDUHPDQ\GLIIHUHQFHVEHWZHHQWKHVHVRIWZDUHSDFNDJHV,QWKHOLWHUDWXUH$UXQDFKDODP
HW DO  VXSSRUWHG WKH IROORZLQJ )LJXUH  ZLWK PDLQ DQG VXEFULWHULD :KLOH WKH WRS OHYHO
UHSUHVHQWVWKHSXUSRVHRIWKHVWXG\ZKLFKLVVHOHFWLQJWKHEHVWVXLWDEOHVRIWZDUHSDFNDJHWKHVHFRQG
OHYHO FRQVLVWV RI IRXUPDLQ FODVVHV RI DVVHVVPHQW FULWHULDZKLFK DUH QDPHO\ GHVLJQ FULWHULDPRGHO
VSHFLILFDWLRQ FULWHULDPRGHO H[HFXWLRQ FULWHULD DQG GRFXPHQWDWLRQ 7KH WKLUG OHYHO FRQVLVWV RI VXE
FODVVHVRIHDFKPDLQFULWHULRQ)LQDOO\ WKHERWWRPOHYHOUHSUHVHQWVDYDLODEOHSDFNDJHVZKLFKZLOOEH
FKRVHQDVDEHVWWRRO 
$%63 'HYHORSHUV 'DWH RI,QFHSWLRQ /LFHQVH
3URJUDPPLQJ
/DQJXDJH
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)RXU OHYHOV DUH GHWHUPLQHG ZKLFK DUH ORZ PHGLXP KLJK DQG YHU\ KLJK LQ RUGHU WR HYDOXDWH WKH
GHVLJQFULWHULD7RXQGHUVWDQGZKLFKFDVHRIWKHGHVLJQFULWHULDVKRXOGEHHYDOXDWHGXQGHUZKLFKOHYHO
WKH IROORZLQJ WDEOH LVSUHSDUHGEDVHGRQ WKH VWXG\RI $UXQDFKDODP HW DO :LWK WKHKHOSRI
7DEOHEHORZHYHU\NLQGRIVLPXODWLRQVRIWZDUHFDQEHVLPSO\EHDVVHVVHG7KLVSURFHVVFRXOGEH
LOOXVWUDWHGE\JLYLQJDQH[DPSOH(YDOXDWLQJWKHVWUXFWXUHRIWKHFRPSOH[LW\RIDQ\NLQGRIVLPXODWLRQ
WRRO LV EDVHG RQ IRXU GLIIHUHQW SURSHUWLHV QDPHO\ JULG JUDSK FRQWLQXRXV VSDFH RU K\EULG ,I WKH
VLPXODWLRQVRIWZDUHSURYLGHVRQO\WKHFRQWLQXRXVVSDFHIHDWXUHLWVVWUXFWXUHFRPSOH[LW\LVVFRUHGDVD
KLJK$OORWKHUDVVHVVPHQWVRIHDFKFULWHULRQDUHFROOHFWHGLQWKHIROORZLQJ7DEOH 








&ULWHULD /RZ 0HGLXP +LJK 9HU\+LJK
6WUXFWXUH
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1HW/RJR /RZ 9HU\+LJK +LJK
0DVRQ +LJK /RZ /RZ
5H3DVW 9HU\+LJK 0HGLXP /RZ0HGLXP












1HW/RJR +LJK +LJK +LJK
0DVRQ /RZ /RZ /RZ
5H3DVW +LJK /RZ 9HU\+LJK












1HW/RJR 0HGLXP+LJK 0HGLXP+LJK +LJK9HU\+LJK
0DVRQ 0HGLXP /RZ 0HGLXP
5H3DVW +LJK +LJK 9HU\+LJK

















%DVHGRQ WKHVHUHVXOWV LW LVFRQFOXGHG WKDW WKHPRVWSUHIHUUHGFKRLFH LVFOHDUO\$Q\/RJLFZKLFK LV
DOVRLQWURGXFHGLQGHWDLOE\JLYLQJJHQHUDODQGVSHFLILFIHDWXUHVDVIROORZV






EHQHILW IURP DOO WKH FRPPRQ VLPXODWLRQ SDUDGLJPV ZLWKLQ WKH VDPH YLVXDO HQYLURQPHQW 'LVFUHWH
(YHQW6\VWHP'\QDPLFVDQG$JHQW%DVHGVLPXODWLRQV
0RUHRYHU LW PDNHV LW SRVVLEOH WR FUHDWH GLIIHUHQW SDUW RI D PRGHO E\ XVLQJ GLIIHUHQW W\SHV RI
VLPXODWLRQ PHWKRGRORJLHV WR FDSWXUH D PRUH DSSURSULDWH PRGHO 7KH 5DLOZD\6WDWLRQ 6LPXODWLRQ
LOOXVWUDWHV WKLV SRLQW FOHDUO\ 7KH VFKHGXOH RI WUDLQV FRXOG EH PRGHOOHG DV D GLVFUHWH HYHQW PRGHO
ZKHUHDVWKHSDVVHQJHUFRXOGEHDFFHSWHGDVDQDJHQWZKHQLQVHUWLQJ WKHLUEHKDYLRXU LQWR WKHPRGHO
7KH$Q\/RJLFVLPXODWLRQWRROVXSSRUWV2EMHFW2ULHQWHGGHVLJQDQGFRXOGEHH[WHQGHGE\ZULWLQJ-DYD
FRGHLQVLGHWKHWRRO
4.1.3 Reasons for Selecting the AnyLogic Simulation Package  
7KHUH DUH PRUH WKDQ WZR KXQGUHG GLIIHUHQW NLQGV RI VLPXODWLRQ VRIWZDUH DYDLODEOH LQ WKH PDUNHW
LQFOXGLQJQRQFRPPHUFLDOWRROV$OOVRIWZDUHKDVVRPHEDVLFDQGVSHFLILFIHDWXUHV+RZHYHUWKH\DUH
GLIIHUHQWIURPHDFKRWKHULQWKHVHQVHWKDWWKH\KDYHDFHUWDLQEXLOWLQIHDWXUHZKLFKLVVXLWDEOHIRUD
SDUWLFXODU ORJLVWLFV DSSOLFDWLRQ +HQFH WKH UHDO V\VWHP QHHGV WR EH VWXGLHG LQ DOO DVSHFWV DQG WKH
GHVLUHG UHVXOW VKRXOG EH IXOO\ XQGHUVWRRG EHIRUH WKH VRIWZDUH FDQ EH VHOHFWHG $GGLWLRQDOO\ LW LV
REYLRXV WKDW QHLWKHU RI WKH VLPXODWLRQ WRROV VDWLVILHV DOO FULWHULD WR WKH KLJKHVW OHYHO QRU FDQ EH
DSSURSULDWHIRUDOOREMHFWLYHV+RZHYHURQHRIWKHPRVWLPSRUWDQWIDFWRUVLVWRLGHQWLI\ZKLFKVRIWZDUH
LVPRUH VXLWDEOH WKDQRWKHUSDFNDJHV DFFRUGLQJ WRSODQQHGSXUSRVHV7DNLQJDFFRXQW DOO IRXURI WKH






SURYLGHV D FRPPRQ HQYLURQPHQW WR JHQHUDWH QRW RQO\ VWDQGDORQH GLVFUHWHHYHQW V\VWHP
G\QDPLFVRUDJHQWEDVHGPRGHOVEXWRQHVWKDWFDQEHXVHGLQDQ\FRPELQDWLRQ,QWHJUDWLRQRI
WKHVH PRGHOV UHVXOWV LQ D PRUH GHWDLOHG VLPXODWLRQ PRGHO ZKLFK UHIOHFWV UHDOLW\ PRUH
DFFXUDWHO\
 'XH WR WKH -DYD HQYLURQPHQW XVHUV DUH FDSDEOH RI REWDLQLQJ JUHDW H[WHQVLELOLW\ WKURXJK WKH
PRGHOWKH\DUHFUHDWLQJ8QFRPPRQRUVSHFLILFWDVNVDQGUHTXLUHPHQWVFRXOGEHIXOILOOHGE\
ZULWLQJMDYDFRGHIXQFWLRQV LQVLGH WKHVLPXODWLRQSURJUDP0RUHRYHU LW LVDFKLHYDEOH WRUXQ
WKHPRGHOZLWKRXWKDYLQJDGHYHORSPHQWSURJUDPEHFDXVHRI WKH VLJQLILFDQWEHQHILWVRI WKH
-DYD$SSOHWDSSOLFDWLRQ
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E\GUDJJLQJDQGGURSSLQJREMHFWV IURPWKH OLEUDU\ WR WKHGHYHORSPHQWDUHD ,W LV WUXH WRVD\
WKDWLQFOXGHGREMHFWOLEUDULHVHQDEOHRQHWREXLOGVLPXODWLRQLQDTXLFNDQGHDV\ZD\










HVVHQWLDOZDUHKRXVH RSHUDWLRQVZLWKLQ WKH FRQWH[W RI&76 DUH H[SODLQHG DQG LOOXVWUDWHG WKURXJK WKH
SURFHVVFKDLQPRGHO










LQIRUPDWLRQ IORZV DQG WKH UHDVRQ IRU FKDQJLQJ GLUHFWLRQ IURP RQH SURFHVV WR DQRWKHU SURFHVV )RU
LQVWDQFH LI WKHDPRXQWRIVWRFN LV ORZHU WKDQ WKH UHRUGHUSRLQW WKH IORZGLUHFWLRQ LV VKLIWHG WR WKH
RUGHUSXUFKDVLQJSURFHVVH[FHSWIRUZKHQLWFDQQRWEHNQRZQZKLFKSURFHVVLVXQGHUZKRVHFKDUJH
$WWKLVSRLQW WKHIROORZLQJ)LJXUHLVSURYLGHGIRUPDWFKLQJWKHUHVSRQVLELOLWLHVRIHDFKSURFHVV
















2QHZD\ WR XQGHUVWDQGZKDW LV JRLQJ RQZLWKLQ WKH RUJDQL]DWLRQ DQG WR XVH WKDW XQGHUVWDQGLQJ WR
PDNHEHWWHUGHFLVLRQVDQGWRSODQLVWRHODERUDWHRQWKHSURFHVVFKDLQPRGHOE\DGGLQJVXESURFHVVHV











6KLSSLQJ: SDOOHWL]LQJ WDNHSDOOHWVE\ IRUNOLIW VWRUHSDOOHWV LQ DKLJKED\ VWRUDJH UDFN ORDGLQJ LQWR
WUXFNV
6XSSOLHU:SXUFKDVHLWHPVDQGSUHSDUHWKHRUGHU 
,Q DGGLWLRQ WR GHWDLOLQJ IHDWXUHV RI WKH EHORZ LQ )LJXUH  LW LV SRVVLEOH WR REVHUYH SHUIRUPDQFH
REMHFWV WKDW WUDQVIRUP IURPRQHSURFHVV WR DQRWKHUSURFHVV 3DOOHW HPSW\ IXOO KDOIIXOO ELQ RUGHU
ER[DQGWUXFNDUHGHILQHGDVSHUIRUPDQFHREMHFWVIRUWKHHQWLUH&76
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4.2.2 Process Control Levels  
,QRUGHUWRPDNHDOOSURFHVVHVZRUNLQRUGHUYDULRXVVSHFLILFUXOHVDQGVWUDWHJLHVDUHGHWHUPLQHGIRU
HDFKSURFHVV3ODQQLQJRI FRQWURO UXOHV LV WKH ODVW VWHSRI WKHSURFHVV FKDLQ DQG LW LV HQWUXVWHGZLWK










DOO W\SHVRIFRPSDQ\ ,W WKXVFDQEHVSHFLILHGPRUHE\DGGLQJQXPEHUVRUGDWHV)RU LQVWDQFH WKH
VWUDWHJLF SXUSRVH FRXOG EH WR GHOLYHU WKH FXVWRPHU RUGHU ZLWKLQ WKUHH GD\V DQG WKH SHUFHQWDJH RI
FRPSODLQWVVKRXOGEHXQGHU
7KH $GPLQLVWUDWLRQ /HYHO GHDOV ZLWK FXVWRPHUV QRW RQO\ ZKHQ RUGHUV DUH EHLQJ HQWHUHG LQ WKH
V\VWHPLQWKHIRUPRIV\VWHPORDGEXWDOVRDIWHURUGHUFRPSOHWLRQVXFKDVGXULQJWKHRUGHUGHOLYHU\
SURFHVV$OO RUGHUV DUH DFFXPXODWHG LQ D SRRO DQG DYDVW QXPEHU RI DQDO\VHV DUHPDGH WR HYDOXDWH












ILOOHG RXW HYHQW UHSRUWV DQG FRQILUPDWLRQ RI FRPSOHWLRQ DUH GHPDQGHG IURP WKH VXFFHVVLYH OHYHO
ZKLFKLVWKHFRQWUROOHYHO
7KH&RQWURO /HYHO LV WKH ODVW OHYHO RI WKH FRQWURO SURFHGXUH DQG LV UHVSRQVLEOH IRUPDQDJLQJ DQG
FKHFNLQJWKHRSHUDWLRQZKHQLWLVWDNLQJSODFH7KLVOHYHOLVDFRQQHFWLRQEHWZHHQWKHVRXUFHRIREMHFWV
DQG WKH VLQN RI REMHFWV GXULQJ WKH WUDQVIRUPDWLRQ RI WKH V\VWHP ORDG 7KH VSHHG RI WKH VKXWWOH WKH
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6LPXODWLRQ PHWKRGRORJ\ LV JHQHUDOO\ EDVHG RQ RQH NLQG RI SDUDGLJP VXFK DV 'LVFUHWH(YHQW
&RQWLQXRXV(YHQW DQG $JHQW%DVHG 6LPXODWLRQ ,Q FRQWUDVW WR WKH FRQYHQWLRQDO VLPXODWLRQ WRROV
$Q\/RJLF LV D VLQJOH WRRO WKDW JLYHV IUHHGRP WR XVHUV WR XWLOL]H WKH DOO WRR FRPPRQ VLPXODWLRQ
SDUDGLJPV ZLWKLQ WKH VDPH YLVXDO HQYLURQPHQW ,Q WKH FXUUHQW VWXG\ D K\EULG PRGHO ZKLFK LV
FRPELQDWLRQ RI GLVFUHWH HYHQW DQG DJHQW EDVHG VLPXODWLRQ LV XVHG  )RU WKH SXUSRVH RI IXUWKHU
H[SODQDWLRQ ERWK VLPXODWLRQ SDUDGLJPV ZLWK DQ H[DPSOH DUH H[SODLQHG DV IROORZV 7KHQ WKH
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4.3.1 The Logic of Discrete- Event Simulation  










VWRFN ZLOO EH SLFNHG DQG GHOLYHUHG WR WKH FXVWRPHU WKURXJKRXW WKH VLPXODWLRQ SHULRG $IWHU EHLQJ









4.3.2 The Logic of Agent - Based Simulation  
$V LV FRPSUHKHQVLYHO\ H[SODLQHG LQ &KDSWHU  $JHQW%DVHG PRGHOOLQJ LV HVWDEOLVKHG EDVHG RQ




$ VWDWH FKDUW RU VWDWH GLDJUDP LV D JUDSKLFDO DSSURDFK ZKLFK FDQ EH XVHG LQVWHDG RI ZULWLQJ
SURJUDPPLQJFRGH6XFKDGLDJUDPIDFLOLWDWHV WKHH[SUHVVLRQRIHYHQWVDQG WKHEHKDYLRXURIDJHQWV
HIILFLHQWO\ DQG DFFXUDWHO\ 6WDWH FKDUWV DUH JHQHUDOO\ FRPSRVHG RI VWDWHV DQG WUDQVLWLRQV $OO DJHQWV
FUHDWHGDUHZLWKLQWKHFRQWH[WRI&76VLPXODWLRQDQGDUHH[SODLQHGFRPSUHKHQVLYHO\DVIROORZV







7KH&XVWRPHU%HKDYLRXU VWDWHFKDUWFRQVLVWVRI IRXUVWDWHVQDPHO\ WKH ,QLWLDO6WDWH2UGHULQJ6WDWH





HQWHUHGLQWRWKHV\VWHP\HWWKHDJHQWVWD\VLQWKHµ2UGHU Waiting State’WRZDLWIRUWKHµCreate Order’
PHVVDJHZKLFK LV LQVLGH WKH µOrder Start’ and ‘Start Again’ WUDQVLWLRQV$IWHU UHFHLYLQJ WKHµCreate 
Order’ PHVVDJH DJHQWVPRYH WKHLUFXUUHQW VWDWH WR WKH µOrdering State’,ZKLFKFRXOG LQYROYH VRPH
VSHFLILF -DYD &RGH LQ RUGHU WR H[WHQG WKH DJHQWV¶ SURSHUW\ LQ UHVSRQVH WR XVHU UHTXLUHPHQWV )RU
LQVWDQFHGLIIHUHQW W\SHVRIRUGHULWHPVEHORQJ WRDVSHFLILFFXVWRPHUDQG WKHLUSHQGLQJGLVWULEXWLRQ
FDQEHGHILQHGGXULQJWKHµOrdering State’.$WWKH‘Ordering State’SRLQWDJHQWVZDLWIRUWKHPHVVDJH
µPreparing¶ WR EH ZULWWHQ GXULQJ WKH µPreparing’ WUDQVLWLRQ XQWLO WKH DJHQWV MXPS WR WKH µOrder
Completion’ VWDWH $W WKH ODVW VWHS DJHQWV UHWXUQ WR WKHLU ILUVW VWDWH RQFH WKH\ DUH WULJJHUHG E\ WKH
µComplete¶PHVVDJHLQVLGHWKHµFinished’ WUDQVLWLRQ
 0XOWL6KXWWOH%HKDYLRXU
7KH 0XOWL 6KXWWOH 0RYH DQ LQWHJUDWLRQ RI WKH DXWRQRPRXV VKXWWOH VWUXFWXUH ZLWK WKH $XWRPDWHG
*XLGHG9HKLFOH$*9SULQFLSOHKDVEHHQLPSOHPHQWHGLQDQDWWHPSWWRFUHDWHDQRYHODQGHIIHFWLYH
LQWUDORJLVWLFV V\VWHP 7KH PDLQ DGYDQWDJHV RI PXOWL VKXWWOHV LV QRW RQO\ WKDW WKH\ DUH FDSDEOH RI
PRYLQJRQWKHUDLOZKLFKLVPRXQWHGLQWKHVWRUDJHUDFNEXWDOVRWKDWWKH\DUHDEOHWROHDYHWKHVWRUDJH
UDFN DQG WRZRUN DV DQ$*9E\ XVLQJ RSHQ SDWK QDYLJDWLRQ7KHUHIRUH VKXWWOHV DUH FKDUJLQJ ERWK





7KHILUVW WDVNRIVKXWWOHVXQGHUWKHUHWULHYDOUHVSRQVLELOLW\ LV WRDUULYHDW WKHULJKW OHYHORIVWRUDJH LQ
RUGHU WRSLFN WKHUHTXHVWHGUHWULHYDOSURFHVV6HFRQGO\ WKHVKXWWOHVPRYH LQDQDWWHPSW WRUHDFK WKH
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WZRUHTXHVWV ,Q WKHSURSRVHG&76VLPXODWLRQ WKHUHWULHYDO UHTXHVWVDUHIXOILOOHGEDVHGRQ WKH),)2
PHWKRG
)URP WKH DVSHFW RI WKH VHTXHQFLQJ SUREOHP RI XQLWORDG WKH WZR F\FOH PHWKRGV WKDW IHDWXUH LQ
OLWHUDWXUHDUHWKHVLQJOHFRPPDQGF\FOHZKLFKVWDWHVWKDWPHUHO\DXQLWORDGLVWUDQVSRUWHGLQRWKHU


















$ VKXWWOH XVHV D NLQG RI EDWWHU\ IRU REWDLQLQJ HQHUJ\ZKLFK SURYLGHV DSSUR[LPDWHO\ IRXU KRXUV RI
WUDYHOOLQJERWK LQVLGH WKHVWRUDJHDQGRQ WKHJURXQG:KHQ WKHVWDWHRIEDWWHU\ LV ORZHU WKDQDSUH
VSHFLILHGOLPLWWKHVKXWWOHLVVXSSRVHGWRJRWRWKHFKDUJLQJDUHDWRUHFKDUJH7KHILOOUDWHRIWKHEDWWHU\
LVFRQWLQXRXVO\FKHFNHGHYHU\VHFRQGE\DVSHFLILFIXQFWLRQZKLFKLVHPEHGGHGLQWKHVLPXODWLRQ
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EHVHOHFWHG WKUHHGLIIHUHQW VWUDWHJLHVDUHHVWDEOLVKHG7KHVHDUHRandom 6HOHFWLRQZKLFKPHDQV
WKDW DQ\ PDFKLQH LV FKRVHQ DUELWUDU\  In Order which PHDQV WKDW DOO FKDUJLQJ PDFKLQHV DUH
HQXPHUDWHG DQG XVHG LQ UHJXODU WXUQ  Empty One, which PHDQV WKDW WKH VKXWWOH FDQ GHFLGH WKH
PDFKLQHRQO\E\FRQVLGHULQJZKHWKHULWLVLGOHRUQRW
7KHFKDUJLQJRSHUDWLRQLVPDGHLQWRDUXOHE\XVLQJWKHIROORZLQJVWDWHGLDJUDPJLYHQLQ)LJXUH




















Left/ Right Lift Behaviour 
,Q FRQWUDVW WR WKH FUDQH V\VWHP UXQQLQJ WKURXJK DLVOHV WR VWRUH DQG UHWULHYDO SURFHVV LQ$656 WKH
HOHYDWRUVDUHXVHGWRSURYLGHYHUWLFDOPRYHPHQWRIWKHVKXWWOH7ZROLIWVDUHORFDWHGDWWKHEHJLQQLQJ
DQGHQGRIHDFKDLVOHWRULGHWKHOLIWXSDQGGRZQUHVSHFWLYHO\,QWKHOLWHUDWXUHRQHFRQVLGHUDEOHLVVXH
LV WR ILQG GZHOO±WKH SRLQW ORFDWLRQ RI FUDQH9DULRXVPHWKRGV KDYH EHHQ VXJJHVWHG WR ILQG RXW WKH









D      E
)LJXUHD/HIW5LJKW/LIW6WDWH&KDUWE6FUHHQVKRWRI/HIW/LIW
 &RQVWUXFWLRQRI&HOOXODU7UDQVSRUW6\VWHP6LPXODWLRQV
&HOOXODU 7UDQVSRUW 6\VWHP &76 VLPXODWLRQ KDV EHHQ VLPXODWHG RQ WKH EDVLV RI GLVWULEXWLRQ FHQWHU
SULQFLSOHVDQGUHIHUVWRDQLQWHUPHGLDWHSODFHORFDWHGLQWKHPLGGOHRIYDULRXVVRXUFHVDQGFXVWRPHUV
LQRUGHUWRPHUJHGLIIHUHQWFRPELQDWLRQVRIRUGHUUHTXHVWVDQGVKLS WKHPWRWKHSDUWLFXODUFXVWRPHU
0LQL ORDGV\VWHPVFDQEHGHILQHGDVD W\SHRIZDUHKRXVHV\VWHPZKHUHVPDOO LWHPVXVXDOO\NHSW LQ
VPDOOELQVWRWHVFRQWDLQHUVDUHKDQGOHG7KH&76FDQEHDFFHSWHGDVDW\SLFDOPLQLORDGV\VWHPDVDOO
SURGXFWV DUH FRQWDLQHG DQG VWRUHG LQ ELQV )XQGDPHQWDO ZDUHKRXVH RSHUDWLRQV ZKLFK DUH RUGHU
PDQDJHPHQW ORDGLQJXQORDGLQJ SDOOHWL]LQJGHSDOOHWL]LQJ SXUFKDVLQJ VWRUDJH RUGHU SLFNLQJ DQG
UHSOHQLVKPHQW RSHUDWLRQV DVVRFLDWHG ZLWK &76 SULQFLSOHV DUH H[SODLQHG LQ GHWDLO DV IROORZV 2WKHU
VLPXODWLRQSDUDPHWHUVDUHJLYHQLQ7DEOH
Development of an Agent Based Modelling and Simulation Tool for  





































4.4.1 The Order Management Process 





&76 VLPXODWLRQ FDVH VWXG\ HDFK ZRUNVWDWLRQ LV DEOH WR GHDO ZLWK HLJKW FXVWRPHU RUGHUV
VLPXOWDQHRXVO\'XH WRKDYLQJILYHZRUNVWDWLRQV IRUW\RUGHUVFDQEHKDQGOHGDW WKHVDPHWLPH ,W LV
REYLRXV WKDW GHPDQGHG SURGXFW W\SHV DQG DPRXQWV GLIIHU IURP RQH RUGHU WR DQRWKHU +HQFH WKH
TXDQWLWLHVRIHDFKSURGXFWW\SHLQIRUW\RUGHUVDUHDGGHGXSWRILQGWKHWRWDOUHTXHVWLQWHUPVRIUHG
EOXHRU\HOORZSURGXFW W\SHV7KHQH[W WDVN LV WRGHWHUPLQHKRZPDQ\ELQV LW LV QHFHVVDU\ WREULQJ
IURPVWRUDJH0HDQZKLOH WKHFXUUHQW VWRFN LV FKHFNHG WR HVWDEOLVKZKHWKHU WKHDYDLODEOH DPRXQWRI
SURGXFWVLVXQGHUWKHUHRUGHUSRLQW,ILWLVWKHSXUFKDVLQJRUGHULVFUHDWHGDXWRPDWLFDOO\7KHRUGHU
PDQDJHPHQW V\VWHP LV HQWUXVWHG ZLWK DOORFDWLQJ WKH GXWLHV RI WKH UHWULHYDO SURFHVV WR VKXWWOHV E\
VHQGLQJPHVVDJHV
4.4.2 The Unloading & Loading Process  
7KHXQORDGLQJSURFHVVEHJLQVZLWKDFFHSWLQJWKHSXUFKDVHGLWHPVDIWHUXQORDGLQJIURPWUXFNVLQWRWKH
LQWUDORJLVWLFV V\VWHP 7KH LQFRPLQJ PDWHULDOV VKRXOG EH FKHFNHG LQVSHFWHG DQG UHFRUGHG LQWR WKH
V\VWHPEHIRUH WUDQVSRUWLQJ WR WKHVWRUDJHDUHD ,Q WKHXQORDGLQJDUHDLVDKLJKED\VWRUDJHZKLFKLV
FRQVWUXFWHG WR VWRUH SDOOHWV EHIRUH VHQGLQJ WR WKH GHSDOOHWL]LQJ RSHUDWLRQ 7KH EXON VWRUDJH LV
FRPSRVHGRIIRXUOHYHOVDQGWKLUW\SDOOHWFDSDFLWLHVIRURQHFRUULGRU,QWRWDORQHKXQGUHGDQGWZHQW\





HVWDEOLVKLQJ WKLV VWRUDJH LV WKDW SDOOHWV VKRXOG ZDLW XQWLO WKH QXPEHU RI SDOOHWV LV HTXDO WR WUXFN
FDSDFLW\6FUHHQVKRWVRIWKHORDGLQJDQGXQORDGLQJSURFHVVDUHVKRZQEHORZLQ)LJXUH
   D       E
)LJXUHD6FUHHQVKRWRI/RDGLQJ=RQHE6FUHHQVKRWRI8QORDGLQJ=RQH
Development of an Agent Based Modelling and Simulation Tool for  





4.4.3 The De-Palletizing & Palletizing Process 
3XUFKDVHGPDWHULDOVIURPVXSSOLHUVKDYHEHHQEURXJKWLQWKHIRUPRISDOOHWV$OWKRXJKLWLVSRVVLEOHWR








WKH GHSDOOHWL]LQJ SURFHVV LV SHUIRUPHG LQVLGH WKH UHSOHQLVKPHQW DUHD DQG WKHSDOOHWL]LQJ SURFHVV LV
H[HFXWHGZLWKWKHSDFNLQJSURFHVVVLPXOWDQHRXVO\LQVLGHWKHZRUNVWDWLRQDUHD











RQHDFKVLGHRI WKHDLVOHV$OWKRXJKLWSURYLGHVORZGHQVLW\VWRUDJHVLQJOHGHHSVWRUDJH LV WKHPRVW
FRPPRQO\XVHGLQDQ\LQWUDORJLVWLFVV\VWHPDQG'RXEOH'HHS6WRUDJHZKLFKDOORZVWKHVWRUDJHRI
RQHELQLQIURQWRIDQRWKHURQH'HVSLWHWKHIDFWWKDWLWXVHVWZLFHDVPXFKVWRUDJHFDSDFLW\DVVLQJOH



















KHDGLQJVGHGLFDWHGVWRUDJH UDQGRPVWRUDJHDQGFODVVEDVHGVWRUDJHZKLFKDUH WKHPRUH IUHTXHQWO\
XVHGPHWKRGVIRUDQ\LQWUDORJLVWLFVV\VWHPDQGDUHH[SODLQHGLQGHSWKDVIROORZV
5DQGRP6WRUDJH




GHGLFDWHG VWRUDJH LV WKDW UHVHUYLQJDXQLTXH ORFDWLRQ IRU DOO LWHPVFDQ UHVXOW LQPD[LPXP LQYHQWRU\
OHYHOV
&ODVV%DVHG6WRUDJH
7KLV PHWKRG LV DQ LQWHJUDWLRQ RI GHGLFDWHG DQG UDQGRP VWRUDJH SROLFLHV )LUVWO\ DOO SURGXFWV DUH














Development of an Agent Based Modelling and Simulation Tool for  







6DIHW\VWRFN  ,QRUGHU WRDYRLG WKHFDVHRIVWRFNRXWDSDUWRI LQYHQWRU\ LVKHGJHGDVSURDFWLYHRU
EXIIHULQYHQWRU\:KHQDQXQH[SHFWHGLQFUHDVHRFFXUVLQGHPDQGVDIHW\VWRFNFDQEHXVHGWRHQVXUH
WKHIXOILOPHQWRIFXVWRPHURUGHUVRQWLPH
)RU WKH&76VLPXODWLRQVDIHW\VWRFNSROLF\ LVHPEHGGHG LQWRWKHV\VWHPDQG LVDQRSWLRQDOFRQWURO
VWUDWHJ\IRUXVHUVZKRFDQDFWLYDWHLWDVDSUHYHQWLYHPHDVXUH523LVXWLOL]HGDVQHFHVVDU\EXWVWLOO
WKHTXDQWLW\RILWFDQEHFKDQJHDEOH
4.4.5 The Purchasing Process 




7KH PD[LPXP OHYHO LV D VSHFLILF YDOXH IRU HDFK SURGXFW FODVV GHWHUPLQHG DW WKH EHJLQQLQJ RI WKH





HDFK SURGXFW W\SH LV GHWHUPLQHG E\ XVLQJ WKH FRQWLQXRXV FKHFN V\VWHP ,Q FDVHVZKHQ WKH H[LVWLQJ
TXDQWLW\ LV ORZHU WKDQ 523 D SXUFKDVH RUGHU LV WULJJHUHG IURP WKH LQYHQWRU\PDQDJHPHQW V\VWHP
DXWRPDWLFDOO\7KH W\SLFDO LQYHQWRU\ F\FOH LV LOOXVWUDWHG LQ WKH IROORZLQJ)LJXUH 7KHTXDQWLW\
ZRXOGEHVSHFLILHGDFFRUGLQJWRWKHDERYHPHQWLRQHGPHWKRGV7KHSXUFKDVHRUGHULVJLYHQDVDXQLWRI









4.4.6 The Order Picking Process 
,Q WKH &76 VLPXODWLRQ RUGHU SLFNLQJ LV FRPSRVHG RI WZR HVVHQWLDO GXWLHV  FROOHFWLQJ DQG
DFFXPXODWLQJRISURGXFWVDFFRUGLQJ WR DSUHGHWHUPLQHGRUGHU OLVW E\ WKH VKXWWOHV  DOORFDWLQJDQG
VRUWLQJ SURGXFWV RQ WKH EDVLV RI FXVWRPHU UHTXHVWV E\ WKH ZRUNHUV 7KHUH DUH WKUHH RUGHU SLFNLQJ


















4.4.7 The Replenishment Process  
7KH UHSOHQLVKPHQW SURFHVV LQFOXGHV DOO IXQFWLRQV WKDW DUH UHODWHG WRERWK WUDQVIHUULQJ SDOOHWV IURPD
EXONVWRUDJHDUHDWRELQVDQGUHILOOLQJWKHHPSW\ELQVWKDWKDYHHPHUJHGGXULQJWKHSLFNLQJSURFHVV
7KUHH UHSOHQLVKPHQW WDEOHV DUH FRQVWUXFWHG IRU HDFK SURGXFW W\SH DQG DZRUNHU LV DVVLJQHG WR HDFK
WDEOH 7KH SURFHVV EHJLQV ZKHQ HPSW\ ELQV DUH EURXJKW E\ VKXWWOHV DQG WKH SDOOHWV IURP WKH EXON
VWRUDJHDUHDDUHDOVRFDUULHGLQE\IRUNOLIWV7KHZRUNHUILUVWO\UHDVVHPEOHVSDOOHWVWRILOOHPSW\ELQV
$IWHU UHSOHQLVKPHQW IXOO ELQV ZKLFK EHORQJ WR GLIIHUHQW SURGXFW W\SHV DUH DFFXPXODWHG LQ IURQW RI
WDEOHV/DVWO\ IXOOELQVDUHPRYHG LQWRVWRUDJH UDFNVE\VKXWWOHV7KH UHSOHQLVKPHQWSURFHVVDQG LWV
FRPSRQHQWVDUHGHSLFWHGLQWKHIROORZLQJ)LJXUH
Development of an Agent Based Modelling and Simulation Tool for  






4.4.8 The Transportation Process inside the Warehouse 
7KHWUDQVSRUWDWLRQSURFHVVLVFDUULHGRXWE\WZRVRUWVRIYHKLFOHVQDPHO\WKHVKXWWOHWKDWLVDEOHWR
FDUU\RQO\ELQVGXHWRLWVGHVLJQFRQILJXUDWLRQDQGWKHIRUNOLIWWKDWLVXVHGWRWUDQVSRUWSDOOHWVIRU
ORDGLQJ DQG XQORDGLQJ RSHUDWLRQV ,Q &76 VLPXODWLRQ GHVLJQ D ODUJH DUHD LV DOORFDWHG IRU WKH
WUDQVSRUWDWLRQDUHD7KHPDMRUUHDVRQEHKLQGWKLVGHFLVLRQLVWRSUHYHQWWKHUDWHRIFROOLVLRQEHWZHHQ
VKXWWOHV ,Q WKH H[LVWLQJ WULDO KDOO ILIW\ VKXWWOHVKDYH DOUHDG\EHHQPDGHDYDLODEOH7KHUHIRUH LQ WKH
RYHUDYHUDJHGHPDQGVLWXDWLRQLWLVLPSRVVLEOHWRLQFUHDVHLQWUDORJLVWLFVHIILFLHQF\HYHQE\KDYLQJD
VXIILFLHQW QXPEHU RI VKXWWOHV EHFDXVH RI WKH XQDFFHSWDEOHZDLWLQJ WLPHV EHWZHHQ VKXWWOHV WR DYRLG
FROOLVLRQ7KHFRQILJXUDWLRQRIVWRUDJHDQGWKHRUGHUSLFNLQJRSHUDWLRQRIWKH&76VLPXODWLRQLVTXLWH














:LWKLQ WKHFRQWH[WRIWKLVVWXG\ WKHPRVWVLJQLILFDQWVHFWLRQ LV&KDSWHUDPRQJRWKHUV*HQHUDOO\
WKHVWDWLVWLFDODQDO\VHVDQGHYDOXDWLRQFKDUWVREWDLQHGIURPERWKVLPXODWLRQDQGDQDO\WLFDOPRGHOVDUH
SURYLGHG ,Q WKH ILUVW VXEVHFWLRQ &KDQJH3ODQQLQJ6LPXODWLRQZKLFK LV DQ LQWHJUDO SDUW RI WKH
$QWLFLSDWRU\ &KDQJH 3ODQQLQJ DSSURDFK LV SURYLGHG ZLWK D ZHOOGHYHORSHG VLPXODWLRQ WRRO 7KH
UHVXOWV JUDSKV GHPRQVWUDWHG DUH FRQFHUQHGZLWK IOH[LELOLW\ FRUULGRUV DQG WZR SURSRVHGPHWKRGV WR
HYDOXDWHWKHOLPLWVRIWKHIOH[LELOLW\FRUULGRUVDUHH[SODLQHGZLWKDQH[DPSOHDSSOLFDWLRQLQVXEVHFWLRQ
7RLQFUHDVHWKHFRPSHWHQFHRIWKHSURSRVHGPRGHOWKHFRVWSDUDPHWHUVDUHLQFOXGHGLQWKLVVWXG\
DQGIXUWKHUH[SODQDWLRQVDERXW WKHFRVWLQJRIH[LVWLQJH[SHQGLWXUHVDUHSUHVHQWHG LQ 2WKHUPDLQ
DQDO\VHV DERXW SHUIRUPDQFH DYDLODELOLW\ REWDLQHG IURP WKUHH PHWKRGV DORQJ ZLWK DQ H[DPSOH DUH





LQ RWKHU VD\LQJ FKDQJH GULYHUV $Q H[DPSOH RI WKLV NLQG RI OLWHUDWXUH LV E\ &KULVWRSKHU DQG 3DFN
ZKRGLYLGHWKHVRXUFHRIFKDQJHVLQWRILYHFODVVHVHQYLURQPHQWVXSSO\GHPDQGFRQWURODQG




Development of an Agent Based Modelling and Simulation Tool for  


















FDWHJRUL]HG LQWR ILYHDUHDV LQ WHUPVRI WKHHQYLURQPHQWRI ULVNV6RFLDO)LQDQFLDO1DWXUDO6XSSOLHU
DQG7HFKQRORJLFDO7KHSURSRVHGFODVVLILFDWLRQ LVXVHG WRHVWDEOLVK WKH&KDQJH3ODQQLQJ6LPXODWLRQ
&36ZKLFKLVUHSUHVHQWHGLQWKHIROORZLQJ7DEOHZLWKH[DPSOHVIRUHDFKFODVV
5.1.1 Specification of Change Drivers  
$OWKRXJK WKH VSHFLILFDWLRQV RI FKDQJH GULYHUV PLJKW EH H[DPLQHG GLIIHUHQWO\ IRU RWKHU NLQGV RI
UHVHDUFKWKHHVVHQWLDOIHDWXUHVRIHYHU\W\SHRIFKDQJHGULYHUDUHLQYHVWLJDWHGZLWKLQERWKWKHFRQWH[W
RIWKLVVWXG\DQG&KDQJH3ODQQLQJ6LPXODWLRQ7KLVLVH[SODLQHGLQGHSWKDVIROORZV
6RFLDO(IIHFW UHIHUV WR DQ LPSDFW RQ WKH FRPPXQLW\ WKDW FDQ FKDQJH SHUVRQDO LGHQWLW\ RU FXVWRPHU

























6RFLRǦ'HPRJUDSKLFV (FRQRPLFV&ULVLV 7HUURULVP:DU 5	' 7UDQVSRUWDWLRQ'HOD\











KDUPIXO DQG EHQHILFLDO IRU WKH HQWHUSULVH 7KH IUHTXHQF\ RI RFFXUUHQFH RI ILQDQFLDO HIIHFWV LV
UHDVRQDEO\SUREDEOHEXWVWLOO WKHYROXPHRIFKDQJHLVQRWFULWLFDO'XHWRWKHIDFWWKDWWKHILQDQFLDO
HIIHFW LV FRQFHUQHG ZLWK PRQHWDU\ H[SDQVLRQ RU GHSUHVVLRQ WKH SULFH RI WKH SURGXFW LV PHUHO\
LQIOXHQFHG
7KH1DWXUDO(IIHFWFRQWDLQVSROLWLFDODQGOHJLVODWLRQUHJXODWLRQFKDQJHVEHVLGHVFDWDVWURSKLFKD]DUGV
'LIIHUHQW IURPRWKHUFKDQJHGULYHUV WKH LPSDFWRIQDWXUDOHYHQWVFDQEHUHFRJQL]HG LPPHGLDWHO\E\
ERWKFXVWRPHUVDQGVXSSOLHUV,W LVDFFHSWHGDVDKDUPIXOHIIHFWRQWKHSULFHRISURGXFWDQGGHOLYHU\
WLPH ZLWKLQ WKH IUDPH RI WKLV VWXG\ 7KH YROXPH RI FKDQJH LV GHWHUPLQHG E\ XVLQJ D XQLIRUP
GLVWULEXWLRQIXQFWLRQ
7KH3URPRWLRQ(IIHFW FRPHV LQWR SOD\ZKHQ D GHFUHDVH LQ WKH SULFH RFFXUV ,W LV REYLRXV WKDW WKH
LPSDFW RQ GHPDQG LV DOZD\V SRVLWLYH DV FXVWRPHUV DOZD\V ZDQW WR EH DEOH WR EX\ SURGXFWV DW DQ
DIIRUGDEOHSULFH,QIDFW WKHVXSSOLHUVDUHQRWDIIHFWHGIURPDQ\NLQGRISURPRWLRQGLUHFWO\$QRWKHU
GLIIHUHQW DVSHFW RI WKH SURPRWLRQ DIIHFW LV WKDW WKH WLPH RI UHDOL]DWLRQ RI RQH SURPRWLRQ LV NQRZQ
H[DFWO\,QRWKHUZRUGVLWLVQRWUHJDUGHGDVDQXQH[SHFWHGHYHQW





6XSSOLHU (IIHFW GLIIHUV IURP RWKHU W\SHV RI HIIHFWV ZLWK UHJDUG WR WKH DIIHFWHG WDUJHW JURXS 7KH
SURGXFWLRQ FRVW VXSSOLHU EDQNUXSWF\ DQG VHULRXV FRPSHWLWLRQ HQYLURQPHQWV ZKLFK DUH QRW GLUHFWO\
UHODWHGWRFXVWRPHUVPLJKWEHJLYHQDVDQH[DPSOHRIVXSSOLHUHIIHFWV2WKHUNLQGVRIFKDQJHGULYHUV
DUHDEOHWRDIIHFWWKHSURGXFWSULFHDQGTXDOLW\DQGOHDGWLPHZKHUHDVVXSSOLHUHIIHFWVKDYHDVHULRXV
LQIOXHQFH RQ WKH UDZ PDWHULDO FRVW TXDOLW\ DQG OHDG WLPH $V FDQ EH XQGHUVWRRG IURP WKH DERYH
H[DPSOHVWKHVXSSOLHUHIIHFWFRXOGEHDOPRVWKDUPIXOZKHQLWRFFXUV,QDGGLWLRQWKHH[SHFWDWLRQRI
WKHRFFXUUHQFHLVDQQXDODVZHOODVDVHULRXVVHYHULW\
7KH DERYHPHQWLRQHG FKDQJH GULYHUV WDNH SODFH HLWKHU PDQXDOO\ RU UDQGRPO\ )RU WKH UDQGRP
KDSSHQLQJ WKH SUREDELOLW\ RI WKH RFFXUUHQFH LV HPEHGGHG LQWR HDFK FKDQJH IXQFWLRQ DQG IRU WKH
PDQXDOKDSSHQLQJWKHEXWWRQFRQWUROVDUHFUHDWHGDVFDQEHVHHQLQWKHIROORZLQJ)LJXUH
Development of an Agent Based Modelling and Simulation Tool for  











5.1.2 The Agent- Based Approach for Change Planning Simulation  
$JHQWEDVHGPRGHOOLQJGHDOVZLWKVRPHV\VWHPVLQZKLFKWKHQXPEHURIDFWLYHREMHFWVDUHLQFOXGHG




ERUGHUV RI WKH SUHVHQW VWXG\ DQVZHUV WR WKH GHVFULSWLRQ RI WKH DERYH SURSHUWLHV E\ KDYLQJ DFWLYH
REMHFWV VXFK DV FXVWRPHUV DQG VXSSOLHUV HWF DQG D FKDOOHQJLQJ DQG FKDQJHDEOH EXVLQHVV PDUNHW
7KHUHIRUHWKH&KDQJH3ODQQLQJ6LPXODWLRQ&36LVFRQVWUXFWHGDFFRUGLQJWRDJHQWEDVHGPRGHOOLQJ



















$W WKH EHJLQQLQJ RI WKH VLPXODWLRQ IDYRXULWH SURGXFWV DUH DVVLJQHG WR HDFK FXVWRPHU DW UDQGRP
+RZHYHUWKHFXVWRPHU¶VSUHIHUHQFHVKRZVDQDOWHUQDWLRQGXULQJWKHVLPXODWLRQSHULRGEHFDXVHRIWKH
LQIOXHQFHVRIYDULRXVFKDQJHVKDSSHQLQJLQDGLIIHUHQWWLPH7KHUHDUHWKUHHSDUDPHWHUVWKDWGHWHUPLQH














,Q RUGHU WR HYDOXDWH WKH IXQFWLRQ RI WKH FXVWRPHU¶V SUHIHUHQFH DIWHU HYHU\ FKDQJH RFFXUV WZR
SURSRUWLRQV DUH WDNHQ LQWR DFFRXQWZKLFK DUH PHPRU\SDUDPHWHUV DUH DOORFDWHG DUELWUDULO\ DW WKH
EHJLQQLQJRIWKHVLPXODWLRQZKLFKUHIHUWRWKHZHLJKWRISUHYLRXVSUHIHUHQFHVWKLVYDOXHFDQEHDOWHUHG
ZKHQ WKH UHPDLQLQJ LQIOXHQFH SDUDPHWHUV FKDQJH  WKH YROXPH RI LQIOXHQFH DQG UDWLR RI WKH
DFFXPXODWHGYDOXHRISULFHTXDOLW\DQG OHDG WLPHHIIHFWV ,W LVFHUWDLQ WKDWHDFKFKDQJHGULYHUKDVD
SDUWLFXODUDQGVHSDUDWHLQIOXHQFHRQSULFHTXDOLW\DQGOHDGWLPHV7KHUHE\WKLVVSHFLILFLQIOXHQFHLV





FRQVXPHUV FRPH WRJHWKHU WKH FRQWDFW HIIHFW RFFXUV (YHU\ FRQWDFW UHVXOWV LQ DQ LQIOXHQFH GXH WR
KDYLQJDQHIIHFWRQRQHFXVWRPHUDQGRQDQRWKHUFRQVXPHU¶VGHFLVLRQ
7KH0RYHWRDQRWKHU&RXQW\)XQFWLRQLQYROYHVGLVSODFHPHQWHIIHFWV&RQVXPHUVDUHDEOHWRPRYH
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WKH IROORZLQJ )LJXUH  7KH DPRXQW RI VXSSOLHG SURGXFWV IURP HDFK VXSSOLHU DUH EDVHG RQ WKUHH
YDULDEOHV WKHPDWHULDO FRVW RI WKH SURGXFW WKH OHDG WLPH DQG WKH TXDOLW\ RI UDZPDWHULDOV RU VHPL
ILQLVKHGSURGXFWZKLFKZLOOEHXVHGIRUWKHILQLVKHGSURGXFW7KHUHIRUHHDFKFKDQJHKDVDSDUWLFXODU







5.1.3 The Logic behind the Impact of Changes 
,WLVDEVROXWHO\FOHDUWKDWHDFKFKDQJHGULYHUKDVVRPHGLVWLQFWLYHIHDWXUHV,QRUGHUWRGLIIHUHQWLDWHWKH
SRVVLEOH LPSDFW RI HYHU\ FKDQJH VRPH SDUDPHWHUV JLYHQ LQ GHWDLO EHORZ DUH FRPSUHKHQVLYHO\
LGHQWLILHG
3URGXFWW\SH7KHQXPEHURISURGXFWW\SHVZKLFKDUHLQIOXHQFHGE\FKDQJHRUULVNV





9ROXPHRI LPSDFW 7KHYROXPHRI LPSDFW LV FDXVHG E\ D SDUWLFXODU DFWLRQ DQG LW UHIHUV WR D WRWDO
LQIOXHQFHRQDFXVWRPHURUVXSSOLHU
7RWDO LPSDFWRQSULFHTXDOLW\RU OHDGWLPH7KHDPRXQWRI LQIOXHQFHRQHDFKSDUDPHWHUQDPHO\





















5.1.4 Implementation of Change Planning Simulation  
%HIRUH D&36 VLPXODWLRQ LV UXQ DFRQWUROSDQHO VKRZQ LQ )LJXUH LV JHQHUDWHG LQRUGHU WRJLYH
XVHUVDFKDQFHWRVHWWKHLQLWLDOYDOXHRIWKHFKDQJHGULYHUV$WWKHVDPHWLPHLWLVSRVVLEOHWRVD\WKDW
RQH FKDQJH GULYHU FDQ EH HOLPLQDWHG IURP WKH V\VWHP FRPSOHWHO\ ZLWK WKH KHOS RI WKH FKHFNER[




 6RFLDO )LQDQFLDO 1DWXUDO 7HFKQRORJLFDO 6XSSOLHU
3URGXFW7\SH     
%HJLQ7LPH     
'XUDWLRQ GD\V GD\V GD\V GD\V GD\V
5DWH \HDUV \HDU \HDUV \HDU \HDU
9ROXPH     
3ULFH 8QLIRUP 8QLIRUP 8QLIRUP  8QLIRUP
4XDOLW\ 8QLIRUP   8QLIRUP 8QLIRUP
/HDG7LPH   8QLIRUP 8QLIRUP 8QLIRUP
(IIHFW7\SH %RWK %RWK 1HJDWLYH 3RVLWLYH 1HJDWLYH
&KDQJH7\SHVRQ$PRXQWRI'HPDQG





3URGXFW7\SH       
%HJLQ7LPH       
'XUDWLRQ GD\V GD\V GD\V GD\V GD\V GD\V GD\V
5DWH \HDUV \HDU \HDUV \HDU \HDU \HDU \HDU
9ROXPH       
3ULFH 8QLIRUP 8QLIRUP 8QLIRUP  8QLIRUP 8QLIRUP 
4XDOLW\ 8QLIRUP   8QLIRUP   
/HDG7LPH   8QLIRUP 8QLIRUP   
(IIHFW7\SH %RWK %RWK 1HJDWLYH 3RVLWLYH 3RVLWLYH 3RVLWLYH %RWK
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$IWHU UXQQLQJ WKHVLPXODWLRQ WKH IROORZLQJ)LJXUHDSSHDUVRQ WKHVFUHHQ$SDUW IURPFXVWRPHUV
ZKR DUH VFDWWHUHG DURXQG UHJLRQV VXSSOLHUV FKDQJH GULYHUV LPSDFW FRQWURO SDUDPHWHUV DQG WKH
VWDWLVWLFVSDUWDUHLQFOXGHGLQWRWKHV\VWHP7KHVWDWLVWLFVDQDO\VLVFRQVLVWVRIWZRSLHFKDUWVDQGWLPH
VHULHVFKDUWVWKDWVKRZWKHIOXFWXDWLRQVRIGHPDQGHGDQGVXSSOLHGSURGXFWV
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7KH VLPXODWLRQ SHULRG IRU WKH &36 LV GHWHUPLQHG IRU RQH \HDU DQG LW VLPXODWHV WKH YLUWXDO PDUNHW
FRQGLWLRQV E\ WDNLQJ DOO FKDQJH GULYHUV LQWR FRQVLGHUDWLRQ 7KH PDMRU H[SHFWDWLRQ IURP WKH &36
VLPXODWLRQLVWRREWDLQDFKDUWWKDWVKRZVZKHQWKHFKDQJHVRFFXUUHGDQGKRZPXFKWKHGHPDQGHGRU










,W LV DSSDUHQW IURP WKH DERYH WLPH SORW FKDUW WKDW WKH DPRXQW RI VXSSOLHG SURGXFWV LQFUHDVHV RU
GHFUHDVHV VKDUSO\ZKHUHDV WKH IROORZLQJFKDUW VKRZV WKDW WKHUHKDVEHHQD VOLJKW ULVHRU IDOO LQ WKH











8S WR QRZ WKHUH KDV EHHQ QR VWXG\ DERXW WKH FDOFXODWLRQ RI IOH[LELOLW\ FRUULGRUV LQ OLWHUDWXUH7KLV
VWXG\ VHHNV WR GHWHUPLQH IOH[LELOLW\ FRUULGRUV 7R FRSH ZLWK WKLV GHILFLHQF\ WZR PHWKRGV DUH











5.2.1 The Confidence Interval and Control Chart  
7KHUHDUHVLPLODULWLHVEHWZHHQWKHDWWLWXGHVRIWKH6&&DQGWKHIOH[LELOLW\FRUULGRUV%HFDXVHRIWKLV
WKH SULQFLSDO RI WKH SURFHVV FRQWURO FKDUW FDQ EH XWLOL]HG LQ RUGHU WR PDNH VXUH NH\ SHUIRUPDQFH
LQGLFDWRUVIRUWKHLQWUDORJLVWLFVV\VWHPVVWD\ZLWKLQWKHQRUPDOUDQJH
$FRQWUROFKDUWZKLFKLVDOVRFDOOHGDTXDOLW\FRQWUROFKDUWUHSUHVHQWVZKHWKHUWKHSURFHVVLVLQDVWDWH





SDUDPHWHU (DVWRQ HW DO  7KH ZLGWK EHWZHHQ WKH ORZHU OLPLW DQG WKH XSSHU OLPLW RI WKH
FRQILGHQFH LQWHUYDO VKRZV KRZ WKH SURFHVV IOXFWXDWLRQV DUH XQFHUWDLQ &RQILGHQFH LQWHUYDOV DUH
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FXUUHQW VWXG\ WKH FRQILGHQFH LQWHUYDO HTXDWLRQ VKRXOG EH SXW LQWR SUDFWLVH7KH FRQILGHQFH LQWHUYDO
IRUPXODDQGQRWDWLRQVDUHJLYHQEHORZ









HTXDWLRQV DUH DV IROORZV 7KH DYHUDJH YDOXH    WKH VWDQGDUG GHYLDWLRQ   DQG IRU WKH 
FRQILGHQFHLQWHUYDOı ൌ ͲǤͲͷǤ
$FFRUGLQJ WR WKHDERYHJLYHQ LQSXWYDULDEOHV WKHHVWLPDWHG ORZHU OLPLW DQG WKHXSSHU OLPLW 
ZKLFKLVVKRZQLQWKHIROORZLQJJUDSK
9HKLFOHXWLOL]DWLRQLVJLYHQDVDQH[DPSOHLQ)LJXUH/DERXUXWLOL]DWLRQPDFKLQHXWLOL]DWLRQRUGHU


















7KH QXPEHU RI VKXWWOH OHDG WLPH DQG LQLWLDO LQYHQWRU\ LV LQFOXGHG LQ WKH FRQWURO JURXSV 7KH
WKURXJKSXWUDWHF\FOHWLPHDQGFXVWRPHUZDLWLQJWLPHDUHFRQWDLQHGZLWKLQH[SHULPHQWDOJURXSV7R
FDOFXODWH WKHERXQGDULHVRI WKHH[SHULPHQWDOJURXSDQG WKHFRQWUROJURXSV WKHDPRXQWRI VKXWWOH LV
IL[HG LQ WKUHH YDOXHV      WKH OHDG WLPH   KRXUV WKH PD[LPXP VWRFN OHYHO  
,QFLGHQWDOO\ RQ WLPH GHOLYHU\ SHUIRUPDQFH VKRXOG EH JUHDWHU WKDQ  DQG WKH ODWH GHOLYHU\
SHUIRUPDQFH DOVR ORZHU WKDQ   %\ ORRNLQJ DW WLPH DQG ODWH GHOLYHU\ SHUIRUPDQFH WKH
H[SHULPHQWDOJURXSV¶PD[LPXPDQGPLQLPXPYDOXHVPLJKWEHGHWHFWHGIURPWKHIROORZLQJ7DEOH
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Customer Waiting Number of Shuttle




















DQDO\VLV WZR ZHOONQRZQ FRVWLQJ DSSURDFKHV DUH HPEHGGHG LQWR &76 VLPXODWLRQ 7KHVH DUH
7UDGLWLRQDO&RVWLQJ$QDO\VLVDQG$FWLYLW\%DVHG&RVWLQJ$QDO\VLVZKLFKDUHH[SODLQHGLQWKLVSDUWLQ
GHWDLO
Development of an Agent Based Modelling and Simulation Tool for  





5.3.1 The Traditional Costing Approach 
7KH7UDGLWLRQDO&RVWLQJ$SSURDFK7&LVDZHOONQRZQPHWKRGLQZKLFKDQRYHUKHDGFRVWLVDVVLJQHG
WR SURGXFWV LQ WHUPV RI GLUHFW FRVWV VXFK DV GLUHFW ODERXU KRXUV WKH XVH RI PDFKLQHV HWF 7KH
WUDGLWLRQDOFRVWLQJPHWKRGRORJ\DFFHSWVWKDWHDFKSURGXFWKDVUHVXOWHGLQDFRVW7KHFRVWGULYHUVIRU










WKH HTXLSPHQW FRVW IRU HDFKPDFKLQH LV GHWHUPLQHGKRXUO\ DQG WKHPXOWLSOLFDWLRQRI WKHQXPEHURI
PDFKLQHVDQGWKHLUVSHFLILFPDFKLQHFRVWVKDYHEHHQLQVHUWHGLQWKHWRWDOHTXLSPHQWFRVW
7UDQVSRUWDWLRQ&RVW FRQWDLQV WZR NLQGV RI WUDYHOOLQJ FRVW IRUNOLIW WUDYHO FRVWV DQG VKXWWOH WUDYHO




6WRUDJH&RVW LVUHODWHGWRWKHKROGLQJFRVWRIDVLQJOHELQRUSDOOHW LQWKHVWRUDJHDUHDSHUKRXU ,Q
IDFWWKHKROGLQJFRVWRIELQVGLIIHUVIURPWKHKROGLQJFRVWRISDOOHWVZKLFKDUHUHVSHFWLYHO\DQG
SHUPRQWK
,QGLUHFW &RVW FRXOG EH LQYHVWLJDWHG XQGHU WZR KHDGLQJV  WKH RUGHU PDQDJHPHQW FRVW ZKLFK















5.3.2 Activity-Based Costing Approach 
,QWKH$FWLYLW\%DVHG&RVWLQJDSSURDFK$%6VSHFLILFDFWLYLWLHVDUHGHWHUPLQHGDVDQHVVHQWLDOFRVW
GULYHU7KH UHDVRQEHKLQGFRVWFXWWLQJ LQWRDFWLYLWLHV LV WKDW ORJLFDVVXPHV WKDWDFWLYLWLHVFDXVHFRVWV
LQVWHDG RI SURGXFWV 7KDW LV ZK\ JHQHUDO H[SHQVHV DUH VHSDUDWHG LQWR DFWLYLWLHV $OWKRXJK 5RQDOG
FODLPVWKDWWKHWUDGLWLRQDOFRVWDFFRXQWLQJV\VWHPKDVEHFRPHOHVVUHOLDEOHERWKWUDGLWLRQDOFRVW
DQG DFWLYLW\EDVHG FRVW DSSURDFKHV DUH LQWHJUDWHG LQWR&76 VLPXODWLRQ WR WUDFH WKH FRVW IOXFWXDWLRQV
DFFXUDWHO\ $FWLYLW\EDVHG FRVW LV FDOFXODWHG E\ WDNLQJ VXPPDWLRQ RI YDULRXV NLQGV RI FKDUJHV
H[SODLQHGFRPSUHKHQVLYHO\EHORZ
$Q2UGHU0DQDJHPHQW&RVW LV RFFXUUHG HDFK WLPH D SXUFKDVH RUGHU LV JHQHUDWHG DQG D FXVWRPHU
RUGHULVUHFHLYHG,QDGGLWLRQDIL[HGFRVWLVDGGHGIRUHDFKODWHGHOLYHU\RUGHUDVDSHQDOW\FRVW
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7KUHH DVVHVVPHQWPRGHOV WR FDOFXODWHSHUIRUPDQFH DYDLODELOLW\ DUH H[SODLQHG LQ&KDSWHUZKLOH LQ








UHTXLUHPHQW WKH PHDQ RI DOO WKH VKXWWOHV SHUIRUPDQFH DYDLODELOLW\ LV WDNHQ DV WKH SHUIRUPDQFH
DYDLODELOLW\RIWKHHQWLUHV\VWHP7KLV LVEHFDXVHVKXWWOHVSOD\DUROHDVDERWWOHQHFN LQVLGH WKH&76
DQGLWPHDQVWKDWVKXWWOHVDUHZRUNLQJDWWKHLUIXOOFDSDFLW\DQGFDQQRWFDUU\RXWDQ\IXUWKHUWDVNV,Q
WKH IROORZLQJ )LJXUH  JDLQHG IURP &76 VLPXODWLRQ WKH ILUVW ILJXUH GHSLFWV WKH DYHUDJH
SHUIRUPDQFHDYDLODELOLW\RIVKXWWOHVZKLOHWKHRWKHUVKRZVZKHQWKHV\VWHPZDLWVDQGZRUNVLQGHWDLO







5.4.2 According to the Weighted Average Method  
)RU WKH ZHLJKWHG DYHUDJH PHWKRG WKUHH SDUDPHWHUV DUH FKRVHQ WR GHWHUPLQH WKH SHUIRUPDQFH
DYDLODELOLW\RIWKHHQWLUHV\VWHP7KHVHDUHWKURXJKSXWUDWHRQWLPHGHOLYHU\DQGFRVWSDUDPHWHUV7KH
LPSRUWDQFH RI WKHVH FRQWURO SDUDPHWHUV DQG UHODWLRQV FDQ GLIIHU IURP RQH FRPSDQ\ WR DQRWKHU RQH
7KXV WKH ZHLJKWLQJ FRHIILFLHQW RI HDFK SDUDPHWHU DQG WKH UHODWLRQVKLS EHWZHHQ SDUDPHWHUV DUH







5.4.3 According to the Fuzzy Logic Method  





WKH DFFXUDWH SHUIRUPDQFH DYDLODELOLW\ YDOXHV RI ZKROH V\VWHPV FDQQRW EH DVVXUHG XVLQJ VLPSOH
HTXDWLRQV%HVLGHVWKDWWKHFRUUHODWLRQEHWZHHQFRQWUROSDUDPHWHUVDQGSHUIRUPDQFHDYDLODELOLW\LVWRR
FKDOOHQJLQJ WR H[SUHVVZLWK DPDWKHPDWLFDO IXQFWLRQ%HFDXVH RI WKLV IRUPXODWLQJ WKH SHUIRUPDQFH
DYDLODELOLW\PDQQHUFDQEHDFKLHYHGE\XVLQJWKHIX]]\ORJLFUXOH0DKPRXGLDHWDO
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,Q WKLV IX]]\ V\VWHP DV SDUW RI WKH SUHVHQW VWXG\ WKHUH DUH WKUHH LQSXWV ZKLFK DUH FRVW GXH GDWH
SHUIRUPDQFHDQGWKURXJKSXWUDWHDQGWKHRXWSXWSDUDPHWHULVSHUIRUPDQFHDYDLODELOLW\,QWKLVVWXG\
WKHOLQJXLVWLFYDULDEOHVZKLFKDUHYHU\ORZ9/ORZ/PHGLXP0KLJK+DQGYHU\KLJK9+




 D     E
)LJXUHD7UDSH]RLGDOE7ULDQJXODU)X]]\1XPEHUVEDVHGRQ0DKPRXGLDHWDO
7KH LQSXW DQG RXWSXW YDULDEOHV ZLWK WKHLU YDOXHV DUH JLYHQ DV IROORZV LQ )LJXUH  $V  FDQ EH
UHDOL]HGIURPWKHEHORZVKDSHV ILYHOLQJXLVWLFYDULDEOHVQDPHO\YHU\ ORZ ORZPHGLXPKLJKDQG
YHU\ KLJK DUH JHQHUDWHG IRU FRVW SDUDPHWHUV ,Q D VLPLODU ZD\ ILYH RI WKH OLQJXLVWLFV YDULDEOHV DUH
FUHDWHG IRU GXH GDWH SHUIRUPDQFH +RZHYHU WKH WKURXJKSXW UDWH SDUDPHWHU LQFOXGHV RQO\ WKUHH
OLQJXLVWLFYDULDEOHVZKLFKDUHORZPHGLXPDQGKLJK

 D     E

 F     G
)LJXUH7KHSURSRVHGH[DPSOHIRUWKHIX]]\VHWRIRXWSXWDQGLQSXWYDULDEOHV





7KH )X]]\ /RJLF 0HWKRG )/0 LV FRPSRVHG RI µLIWKHQ¶ UXOHV WKDW DUH FRQVWUXFWHG RI OLQJXLVWLF






,)  &RVW 9HU\/RZDQG
  'XH'DWH3HUIRUPDQFH 9HU\/RZDQG















,W FDQEHHDVLO\ UHDOL]HG IURP WKUHH UHVXOWVEHORQJLQJ WRHDFKSHUIRUPDQFHDYDLODELOLW\PHWKRG WKDW
ERWKGLIIHUHQFHVDQGSDUDOOHOVEHWZHHQWKHPH[LVW+RZHYHURQHRIWKHPRVWREYLRXVFRQVHTXHQFHVRI
WKUHHSHUIRUPDQFH DYDLODELOLW\ ILJXUHV LV WKDW WKHEHKDYLRXURI IOXFWXDWLRQV LV VLPLODU  ,Q WKH DERYH
VKDSH SHUIRUPDQFH DYDLODELOLW\ LQFUHDVHV VKDUSO\ IRU WKH ILUVW SDUW RI WKH GDWDVHW OLNH WKH RWKHU
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UHGXFH WKH XQZDQWHG LPSDFW RI ULVN RU XQFHUWDLQWLHV OLNH WKH PLWLJDWLRQ VWUDWHJ\ VWHS LQ ULVN
PDQDJHPHQW EXW DOVR RI YDULRXV SUHFDXWLRQDU\ DSSURDFKHV LQ UHWXUQ IRU DQ\ DQWLFLSDWHG FKDQJHV LQ
LQWUDORJLVWLFV V\VWHPV 7KH XQGHU PHQWLRQHG PHDVXUHV DUH LQWHJUDWHG LQWR &76 VLPXODWLRQ WR WDNH
SUHFDXWLRQV LI WKH FRQWURO SDUDPHWHUV DUH RXWVLGH WKH IOH[LEOH FRUULGRUV DIWHU FKDQJHV DUH DSSOLHG ,W
VKRXOG DOVR EH HPSKDVL]HG WKDW WKH IROORZLQJPHDVXUHV DUH JHQHUDWHG RQ WKH EDVLV RI WKH VL[ VWHSV
SODQQLQJ VWUDWHJ\ WKDW LV VWHPV IURP SURFHVV FKDLQPHWKRGRORJ\ 7KLV LV EHFDXVH VL[ VWHS SODQQLQJ
RIIHUVDV\VWHPDWLFDSSURDFKWRHYDOXDWHDOOFRQWUROSDUDPHWHUVZKLFKKDYHDVLJQLILFDQW LQIOXHQFHRQ
ZDUHKRXVHHIILFLHQF\
5.5.1 System Load Generation 
&UHDWLQJ GLIIHUHQW FXVWRPHU RUGHUV GHSHQGV RQ WKH DPRXQW RI SURGXFWV WKH SURGXFW W\SH DQG WKH
GHOLYHU\WLPH7KLVLVWXUQPHDQVWKDWHDFKFXVWRPHURUGHUPLJKWEHFKDQJHDEOHQRWRQO\LQWHUPVRI
WKH DPRXQW EXW DOVR LQ WHUPV RI WKH SURGXFW W\SH DQG WKH YDULHG GHOLYHU\ GDWH  +HUHLQDIWHU WKH
FKDQJHVUHODWLQJWRVFDOHV\VWHPORDGDUHOLVWHG
2UGHU5DWH












'HOLYHU\ GDWHV IRU HDFK FXVWRPHU RUGHU FDQ EH JHQHUDWHG LQ YDULRXVZD\V 7R SURYLGH IUHHGRP IRU
XVHUV WRDUUDQJH WKHGXHGDWHSHULRG WZRHGLWER[HVDUHFUHDWHGIRUPRGLI\LQJ WKHGXHGDWHYDULDEOH
WKDWKDYHIL[HGXQLIRUPGLVWULEXWLRQZLWKPLQLPXPDQGPD[LPXPYDOXHV
7KHPHDVXUHVUHODWHGWRUHJXODWHWKHV\VWHPORDGDUHSUHVHQWHGEHORZLQ)LJXUH







5.5.2 Organizational Structure Planning 
7KLVVWHSDOORZVWKHXVHUWRVHWXSDQRUJDQL]DWLRQDODUUDQJHPHQW7KHPRVWLPSRUWDQWUHVRXUFHZLWKLQ
WKH VFRSHRI&76 ORJLF LV WKH VKXWWOH FRQVHTXHQWO\ DOORFDWLQJ UHVSRQVLELOLW\ IRU WKH VKXWWOH LQFOXGHV
FRQVHFXWLYHO\ DUUDQJLQJ WKH EDODQFH RI WKH HIILFLHQF\ RI WKH ZKROH ZDUHKRXVH V\VWHP  7ZRPDLQ
GXWLHV RI WKH VKXWWOH DUH WDNHQ LQWR FRQVLGHUDWLRQZKHQ SODQQLQJ VKXWWOH EHKDYLRXU2QH RI WKHP LV




5.5.3 Resource Planning 




RIZRUNHUV VKXWWOHV RU IRUNOLIWV RU WRPRGLI\ WKH VSHHGRI DYDLODEOH UHVRXUFHV 7KHVHYDULDEOHV DUH
GHVLJQHGDVDPRGLILDEOHWRSURYLGHDQRSSRUWXQLW\WRFKDQJHWKHYDOXHVDWWKHPRGHOUXQWLPH
6SDFH
7RXVHWKHH[LVWLQJ OD\RXWHIILFLHQWO\ ILUVWO\HDFKZDUHKRXVHRSHUDWLRQ LV ORFDWHG LQDVSHFLILFDUHD
7KHQDSRWHQWLDOFDSDFLW\LVGHWHUPLQHGE\GLYLGLQJHDFKDUHDE\WKHDPRXQWRIVKXWWOHV7KHHVVHQWLDO
ILYH ]RQHV DUH QDPHO\ WKH WUDQVSRUWDWLRQ ]RQH WKH UHSOHQLVKPHQW ]RQH WKH ZRUNVWDWLRQ ]RQH WKH
VWRUDJH]RQHDQGWKHKRPH]RQH
,QYHQWRU\
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5.5.4 Layout Planning 
,QWKLVSODQQLQJOHYHOWKHXVHULVDEOHWRGHDOZLWKVHWWLQJXSWKHWRSRORJ\RIUHVRXUFHVLQDGGLWLRQWR
WKHSODQQLQJ OD\RXW7ZRDOWHUQDWLYHPHDVXUHVDUHRIIHUHGXQGHU WKH OD\RXWSODQQLQJFRQFHSW7KHVH
DUHVHWWLQJWKHURXWLQJSROLF\DQGDYRLGLQJFROOLVLRQVDVH[SODLQHGEHORZ
5RXWLQJ3ROLF\
7KH VKXWWOHV QRUPDOO\ FKRRVH WKH VKRUWHVW SDWK WR UHDFK D SUHGHWHUPLQHG GHVWLQDWLRQ SRLQW ,Q RWKHU
ZRUGV WKH GHIDXOW EHKDYLRXU RI VKXWWOHV LV WR DUULYH XVLQJ WKH VWUDLJKWHVW URXWH EHWZHHQ WZR SRLQWV





VDLG WKDW WKH XVHU LV DEOH WR UXQ WKH VLPXODWLRQ UHJDUGOHVV RI FROOLVLRQ E\ RPLWWLQJ WKHPDUN RQ WKH
&KHFNER[FRQWUROYDULDEOH,QWKHFDVHRISXWWLQJDFKHFNPDUNRQWKHER[LWLVDOVRSRVVLEOHWRDVVLJQ
DUDQJHDPRQJDOOWKHVKXWWOHVWRGHWHFWDQDFFLGHQW,IWZRRUPRUHWKDQWZRVKXWWOHVDUHDSSURDFKLQJ
HDFKRWKHUDQG WKH\DUH ORFDWHGZLWKLQ WKHGHWHUPLQHGFROOLVLRQ UDQJH WKHFROOLVLRQDYRLGDQFHVWDWH
FKDUWEHFRPHVDFWLYH
5.5.5 Control Rules Planning 
,QRUGHUWRSURYLGHFRQVLVWHQF\DQGDFFXUDF\EHWZHHQZDUHKRXVHSURFHVVHVWKHIROORZLQJRSHUDWLRQDO
RU WHFKQLFDO PHDVXUHV VXFK DV GXUDWLRQ RI ZRUNLQJ WKH SULQFLSOHV RI SXUFKDVLQJ DQG WKH UXOHV RI
NHHSLQJSURGXFWVLQVWRUDJHDUHJHQHUDWHG
:RUNLQJ7\SH
2QHZD\ WRFRRUGLQDWHH[LVWLQJFDSDFLW\ZLWKFXVWRPHUGHPDQG LV WRH[WHQGRUVKRUWHQ WKHZRUNLQJ
WLPH )RXU DOWHUQDWLYH ZRUNLQJ GXUDWLRQV IRU &76 VLPXODWLRQ DUH SURGXFHG ZKLFK DUH  5HJXODU
7LPHKRXUV2YHU7LPHKRXUV6KRUW7LPHKRXUVDQG1LJKW6KLIWKRXUV
6XSSO\6WUDWHJ\
7KH VWUDWHJ\ RI SXUFKDVLQJ LV GLYHUVLILHG LQ DQ DWWHPSW WR H[WHQG XVHU DELOLW\ WR DGMXVW SUHVHQW
ZDUHKRXVH FRQGLWLRQV EDVHG RQ FKDQJHV XVLQJ WKUHH VXJJHVWHG PHDVXUHV ZKLFK DUH  EDVHG RQ
)RUHFDVW FKRLFH SURYLGLQJ WKH DPRXQW RI SURGXFW WKDW VKRXOG EH VXSSOLHG RXWVLGH RI WKH &KDQJH










7R JLYH DQ DQVZHU WR WKH TXHVWLRQ RI ZKLFK FKDUJLQJ PDFKLQH VKRXOG EH FKRVHQ WKUHH GLIIHUHQW
VWUDWHJLHV DUH GHYHORSHG 7KHVH DUH  WKH Random RSWLRQ ZKLFK VWDWHV WKDW DQ\ RI WKH FKDUJLQJ
PDFKLQHVDUHFKRVHQDUELWUDULO\WKHIn OrderRSWLRQZKLFKPHDQVWKDWDOOFKDUJLQJPDFKLQHVDUH









:LWK WKH RIIHUHG &76 VLPXODWLRQ WKH XVHU ZRXOG EH DEOH WR GHFLGH RQ ZKLFK GHVLJQ RI SODFLQJ
SURGXFWV LQWRDVWRUDJHUDFNVKRXOGEHDSSOLHG7ZRRSWLRQVDUHVXJJHVWHGZLWKLQ WKHFRQWH[WRI WKH
&76 VLPXODWLRQ  WKH $%& VWUDWHJ\ UHIHUV WR LQYHQWRU\ SRVLWLRQLQJ EDVHG RQ SURGXFW W\SH 7KH
FRPPRQO\XVHGSURGXFWVDUHORFDWHGDW WKHIRUHIURQWRIVWRUDJHZKLOHVRPHW\SHVRISURGXFWVZKRVH
UDWHRIVWRFNWXUQVLVLQVXIILFLHQWDUHSODFHWRWKHUHDURIVWRUDJH5DQGRP6WUDWHJ\PHDQVWKDWHDFK





WKH DYDLODEOHPHDVXUHV DUH VHSDUDWHG LQWR WKUHH KHDGLQJV DQG WKH HVVHQWLDO SRLQW RQZKLFK WKH\ DUH
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PRGHO FDOOHG&KDQJH3ODQQLQJ6LPXODWLRQ &36 LVFUHDWHG LQRUGHU WRREWDLQ DYLUWXDOPDUNHWSODFH
VLWXDWLRQE\UHIOHFWLQJUHDOEXVLQHVVFRQGLWLRQV,QDQDWWHPSWWRKDQGOHWKLVNLQGRIVLPXODWLRQERWK




RFFXU LQ WKH IXWXUH LW LV XQDFKLHYDEOH WRPDNH SODQV IRU DOO DERYHPHQWLRQHG HYHQWV 7KHUHIRUH D
VFHQDULR EDVHG DSSURDFK WR DQWLFLSDWRU\ SODQQLQJ LV SUHIHUUHG WR FRQYHUW SRWHQWLDO HYHQWV LQWR DQ
H[SHULPHQWVHW:XOIHWDO GHILQHWKHDLPRIVFHQDULRSODQQLQJDVDGHYHORSPHQWRIYDULRXV
SRVVLEOHYLHZVRIWKHIXWXUHDQGWKLQNLQJWKURXJKWKHFRQVHTXHQFHVRIKDQGOHGYLHZVIRUHQWHUSULVHV








$IWHU WKH VFHQDULR FUHDWLRQ WKH RULJLQDO IRUPRI WKH H[SHULPHQW VHW LV ILUVWO\ UXQ LQRUGHU WR UHDOL]H
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GHWHFWLQJDQXQGHVLUHG LQFUHDVHRUGHFUHDVH WKHDOWHUQDWLYHPHDVXUHV WKDWDUHGHILQHGSUHYLRXVO\DUH
FKRVHQ $W WKLV SRLQW WKUHH DLPV DUH FRQVLGHUHG ZKLOH ILQGLQJ DQ DSSURSULDWHPHDVXUH WKHVH DUH
LQFUHDVH WKH V\VWHP ORDG GHFUHDVH WKH WRWDO FRVW DQG LQFUHDVH WKH V\VWHP SHUIRUPDQFH 'XULQJ WKH
VHOHFWLRQ RI SUHFDXWLRQV WKH 6L[ 6WHS 3ODQQLQJ 663 PHWKRG WKDW HPHUJHV IURP SURFHVV FKDLQ





WKHPHDVXUHV 7KH SURFHGXUHV H[SODLQHG LQ WKH DVVHVVPHQW RI WKH H[LVWLQJ V\VWHP VWHS DUH UHSHDWHG
LWHUDWLYHO\LQRUGHUWRHYDOXDWHWKHVXLWDELOLW\RIWKHUHFRPPHQGHGPHDVXUHV,IWKHDSSOLHGPHDVXUHV
FDQQRW VDWLVI\ H[SHFWDWLRQV LQ WHUPVRI FRVW SHUIRUPDQFHRU V\VWHP ORDGDIWHU WHVWLQJ WKH LPSDFWRI
PHDVXUHV RQ GLIIHUHQW NLQGV RI SRWHQWLDO FODVVHV DQRWKHU PHDVXUH VKRXOG EH H[DPLQHG 2WKHUZLVH
WKHUHLVQRREVWDFOHWRLPSOHPHQWWKHFKRVHQPHDVXUHV
$OO WKH DERYH H[SODLQHG VWHSV DUH GHPRQVWUDWHG H[SOLFLWO\ LQ WKH IROORZLQJ IORZ GLDJUDP LQ )LJXUH

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,Q DQ DWWHPSW WR SURYH WKH HIILFLHQF\ RI WKH DQWLFLSDWRU\ FKDQJH SODQQLQJ LQWHJUDWHG LQWR WKH &76
VLPXODWLRQYDOLGDWLRQDQGYHULILFDWLRQRIWKHUHFRPPHQGHGIUDPHZRUNLVSURYLGHGE\XVLQJWKHVFHQDULR
SODQQLQJWHFKQLTXH:LWKLQWKHFRPSDVVRIWKLVUHVHDUFKILYHUHSUHVHQWDWLYHFKDQJHVFHQDULRVDUHWKRXJKW
RXW :KLOH SODQQLQJ WKHVH VRUWV RI FKDQJH VFHQDULRV WKH PDLQ FRQFHUQ LV WR WDNH QRW RQO\ PRUH
ZLGHVSUHDGEXWDOVRZHOOURXQGHGSUREOHPVRUDOWHUDWLRQVLQWRFRQVLGHUDWLRQ7KHILUVWWKUHHVFHQDULRVDUH
FRQFHUQHGPRUHZLWKWKHIOXFWXDWLRQLQSURGXFWGHPDQGDQGWKHVHDUHDFFHSWHGDVWKHH[WHUQDOFKDQJHV
7KH JHQHUDWHG VFHQDULRV HQKDQFHG FKDQJHV ZKLFK KDYH RULJLQDWHG ERWK LQVLGH DQG RXWVLGH RI WKH
LQWUDORJLVWLFVV\VWHP,QWKLVFRQWH[WWKHODVWWZRFKDQJHVFHQDULRVDUHRUJDQL]HGLQGHIHUHQFHWRLQWHUQDO
DOWHUDWLRQ$OOJHQHUDWHGFKDQJHVFHQDULRVDUHJLYHQEHORZLQPRUHGHWDLO
5.6.1 Change Scenario 1: The Seasonality Effect on All Product Types 
,Q WKH ILUVW VFHQDULR WKH GHPDQG JRHV XS  IRU DOO SURGXFWV ,Q RUGHU WR UHIOHFW WKLV FKDQJH LQ WKH
VLPXODWLRQHDFKFXVWRPHUEHJLQVWRJLYHRUGHUVWZRWLPHVGXULQJDVLQJOHGD\ZKHUHE\WKHLQWHUYDOWLPH
RIWZRRUGHUVLVGHWHUPLQHGDVEHLQJPLQXWHVXQGHUQRUPDOFRQGLWLRQV$IWHUDSUHVSHFLILHGFKDQJHLV
DSSOLHG ZLWKLQ WKH FRQWH[W RI VFHQDULR  WKH HVVHQWLDO SHUIRUPDQFH SDUDPHWHUV ZLWK WKHLU IOH[LELOLW\
FRUULGRUVDUHJLYHQEHORZLQ)LJXUH

     D      E





VWHS LQRUGHU WRGHOLYHU FXVWRPHURUGHUVRQ WLPH+RZHYHU WKH ODVW JUDSK VKRZV WKDW WKHUHKDVEHHQD
VKDUSGHFOLQH LQWKHSHUIRUPDQFHRI WKHGXHGDWH2QWKHRWKHUKDQG WKHF\FOHWLPHRIDQRUGHUZKLFK
VWDUWVDIWHUWKHRUGHULVHQWHUHGLQWRWKHV\VWHPLV LQFUHDVLQJVWHHSO\7KHUHLVDOVRDPDUNHGULVHLQWKH



















V\VWHP WR HQKDQFH WKH LQDGHTXDWH ZDUHKRXVH FDSDFLW\ 7KH DQDO\VLV RI DERYHPHQWLRQHG PHDVXUHV DUH
JLYHQEHORZLQ)LJXUH

        D

      E

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DQ DYHUDJH RI DOO DYDLODEOH VKXWWOH SHUIRUPDQFHV :KHQ WKH GHWDLOHG VKXWWOH SHUIRUPDQFH JUDSK LV
LQYHVWLJDWHG LW LV QRWLFHG WKDW WKH VKXWWOHV DUHZDLWLQJ SHULRGLFDOO\ EHFDXVH RI FRPSOHWLQJ D GHPDQGHG
RUGHURULQWKHFDVHRIDQLWHPEHLQJRXWRIVWRFN+RZHYHURYHUWKHVLPXODWLRQUXQWLPHWKHGXUDWLRQRI
ZDLWLQJ WLPHV LV JRLQJ GRZQ VOLJKWO\ 7KLV LVZK\ WKH SHUIRUPDQFH DYDLODELOLW\ LQFUHDVHV VWHDGLO\ RYHU
WLPH%HVLGHV SHUIRUPDQFH DQDO\VLV WKH FRVW EHKDYLRXUV RI HDFK PHDVXUH DUH GHPRQVWUDWHG LQ WKH
IROORZLQJ)LJXUH
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        F
)LJXUH6FHQDULR&RVW$QDO\VLVIRUD,QFUHDVHGYHORFLW\E,QFUHDVHGZRUNLQJKRXUVF,QFUHDVHG
WKHQXPEHURIVKXWWOHV
%DVHGRQ WKHSHUIRUPDQFHDYDLODELOLW\ WKH FRVWDQDO\VLVJUDSKV DERYHDQG7DEOHJLYHQEHORZ WKDW




















6KXWWOHV         
9HORFLW\LQFUHDVH         
1LJKW6KLIW         

5.6.2 Change Scenario 2: Twice as Many Orders Due to Local / Global Promotion  
)RUWKHVHFRQGVFHQDULRWKH&KDQJH3ODQQLQJ6LPXODWLRQLVXWLOL]HGLQRUGHUWRREWDLQDVKDUSLQFUHDVHRQ
RQO\ RQH SURGXFW 7R DFFRPSOLVK WKLV JRDO ORFDO DQG JOREDO SURPRWLRQV DUH PDGH RQO\ IRU WKH EOXH
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EHWZHHQ RUGHU OLQHV FDQ OHDG WR KXJH IOXFWXDWLRQV IRU VRPH RUGHU OLQHV WKH EOXH SURGXFW EHLQJ RQH
H[DPSOH ,Q RUGHU WR RYHUFRPH WKLV FKDOOHQJH WKUHH PHDVXUHV DUH FKRVHQ ZKLFK DUH H[SODLQHG
FRPSUHKHQVLYHO\DVIROORZV
,QFUHDVHWKH0D[LPXP6WRFN/HYHO
$W WKH EHJLQQLQJ RI WKH &76 VLPXODWLRQ D VSHFLILF DPRXQW LV DVVLJQHG IRU HDFK SURGXFW W\SH  7KLV
DPRXQW DOVR FDOOHG WKH PD[LPXP VWRFN OHYHO LV GHWHUPLQHG DV  ELQV IRU HYHU\ W\SH RI SURGXFW
+RZHYHUWKHPD[LPXPVWRFNOHYHOJRHVXSE\DQGWKHQHZDPRXQWRISURGXFWYDULHVIURPELQV





















,W FDQ EH VHHQ IURP WKH DERYH VWRFN JUDSKV )LJXUH WKDW HYHQ WKRXJK WKH VLPXODWLRQ LV FRPSOHWHG
ZLWKRXW D QRQDYDLODEOH VLWXDWLRQ DQ HQRUPRXV ZDYH FDQ EH REVHUYHG RQ WKH EOXH SURGXFW +HQFH
LQVHUWLQJWKHVDIHW\VWRFNPHDVXUHFDQQRWEHDFFHSWHGDVDQH[DFWVROXWLRQIRUWKLVFDVHVWXG\
7KH$OWHU6XSSO\6WUDWHJ\
:LWKLQ WKHFRQFHSWRI&76VLPXODWLRQ WKHSXUFKDVLQJSURFHVV LVSHUIRUPHGXQGHU WKUHHVWUDWHJLHV7KH
ILUVW LV EDVHG RQ IRUHFDVW VWUDWHJ\ WKDW REWDLQV WKH SXUFKDVLQJ DPRXQW IURP WKH &KDQJH 3ODQQLQJ
6LPXODWLRQ7KHVHFRQGVWUDWHJ\ LVFDUULHGRXWDFFRUGLQJ WRPD[LPXPOHYHOV DQGDLPV LQLWLDOO\IRU IXOO
VWRUDJH  7KH WKLUG VWUDWHJ\ LV EDVHG RQ WKH IL[ YDOXH VWUDWHJ\ LQZKLFK XVHUV DUH DEOH WR DUUDQJH WKH
SXUFKDVH DPRXQW IRU HDFK SURGXFW JURXS 7KH GHIDXOW YDOXH RI &76 VLPXODWLRQ LV WKHPD[LPXP OHYHO





7KH JUDSKV DERYH LQ )LJXUH  LOOXVWUDWH WKDW WKH IRUHFDVWRSWLRQV DUH QRW FDSDEOH RI KDQGOLQJ RXW RI
VWRFNSUREOHPV2QWKHRWKHUKDQGZDYLQJRQWKHEOXHSURGXFWKDVDOVRDSSHDUHG
7KH)L[HG2UGHU4XDQWLW\2SWLRQ
7KH )L[HG 2UGHU 4XDQWLW\ )24PHWKRG LV XVHG ZKHQ GHPDQG IRU WKH SURGXFW LV LQYDULDEOH DQG WKH
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8OWLPDWHO\ WKHKXJH IOXFWXDWLRQV DQG WKH QRQ DYDLODEOH VLWXDWLRQ IRU WKH VXSSOLHG EOXH SURGXFW FDQ EH
SUHYHQWHGE\XVLQJWKHIL[HGRUGHUTXDQWLW\VXSSO\VWUDWHJ\
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)LJXUH6FHQDULR,QLWLDO6WDWHD6KXWWOHFDSDFLW\E2UGHUSLFNHUFDSDFLW\LQWKHZRUNVWDWLRQ
6FHQDULRLVHVWDEOLVKHGILUVWO\WRXQGHUVWDQGZKHWKHUWKHH[LVWLQJV\VWHPLVFDSDEOHRIRYHUFRPLQJWKH
LQFUHDVH LQ WKHQXPEHURIFXVWRPHUVDQGVHFRQGO\ WRGHWHUPLQH WKHPD[LPXPOHYHORIFXVWRPHU
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)LJXUH6FHQDULR&XVWRPHULQFUHDVHRID6KXWWOHFDSDFLW\E2UGHUSLFNHUFDSDFLW\LQWKH
ZRUNVWDWLRQ
7KHSHUFHQWDJHRIVKXWWOHSHUIRUPDQFH LV LQFUHDVHGIURPWRDQGRUGHUSLFNHUSHUIRUPDQFH LV
LQFUHDVHG IURP WR  ERWK DW WKH VDPH WLPH DV FKDQJHV WR WKHQXPEHURI FXVWRPHUV KDYH EHHQ
FDUULHGRXW
7KHRWKHUH[SHULPHQWLVUHODWHGWRTXDQWLI\LQJWKHXSSHUOLPLWRIFXVWRPHUQXPEHUVZKRVHRUGHUFDQEH
IXOILOOHG RQ WLPH ZLWKLQ WKH &76 VLPXODWLRQ 7KXV HLJKW PRUH FXVWRPHUV DUH LQVHUWHG IRU HDFK
ZRUNVWDWLRQLQRWKHUZRUGVWKHFDSDFLW\RIHDFKZRUNVWDWLRQLVGRXEOHG

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5.6.4 Change Scenario 4: Disruption in the Warehouse for a Month 
,Q6FHQDULRWKHFRPSDQ\KDVEHHQVKXWGRZQEHFDXVHRIDQXQH[SHFWHGHYHQWHLWKHULQVLGHRURXWVLGH
WKH VXSSO\ FKDLQ VXFK DV QDWXUDO FDWDVWURSKLF ORVV VWULNH RU VDERWDJH IRU RQHPRQWK 7KH DLP RI WKLV
VFHQDULRLVWRJLYHWKHFRPSDQ\DQLGHDE\SURYLGLQJJHQHUDOV\VWHPORDGDQDO\VLVRUVSHFLILFDQDO\VLVLH
FRVWRUVWRUDJHDQDO\VLVHWFXQGHUWKHFORVHGGRZQFLUFXPVWDQFHV:LWKWKHKHOSRIWKLVVHULHVRIDQDO\VHV
FRPSDQLHV PLJKW EH DEOH WR DUUDQJH D SUHFDXWLRQV SODQ WR DSSO\ ZKHQ WKH\ HQFRXQWHU DQ XQGHVLUHG
FKDOOHQJH7KHORJLFEHKLQGVFHQDULRLVWRVWRSWKHUXQQLQJRIWKHZDUHKRXVHIRURQHPRQWK+RZHYHU
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5.6.5 Change Scenario 5: Total layout decreases 20% 
7KHLQLWLDOOD\RXWLVFRPSRVHGRIQLQH]RQHVZKLFKDUHGLVWLQJXLVKHGEDVHGRQSHUIRUPHGDFWLYLWLHV7KH
KHLJKWRIWKHZDUHKRXVHLVPWKHOHQJWKRIWKHZDUHKRXVHLVPDQGWKHVXUIDFHDUHDRIWKHZKROH
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DUH DFFHSWHG DV UHVSHFWLYHO\ PHWHUV DQG  VHFRQGV ,Q D FRQYHQWLRQDO V\VWHP KXJH EXON FRQYH\RU




RI WKH WUDQVSRUWDWLRQ ]RQH DQG FROOLVLRQ DYRLGDQFH ,Q RUGHU WR VKRZ WKLV FKDOOHQJH VFHQDULR  LV
JHQHUDWHG7KHLQLWLDOOD\RXWDQGQDUURZHGOD\RXWDUHJLYHQLQ)LJXUHDVDVLPXODWLRQVFUHHQVKRW
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)LJXUH6FHQDULR&766LPXODWLRQVFUHHQVKRWRIDH[LVWLQJOD\RXWEQDUURZHGOD\RXW
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initial Layout Narrowed Layout
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,Q WKH ILUVW SDUW RI WKLV FKDSWHU WKH PDLQ ILQGLQJV DIWHU FRPSOHWLQJ WKH SUHVHQW UHVHDUFK VWXG\ DQG




 'XH WR WKH QRYHOW\ RI VWXG\ FRPSRQHQWV DQG WKH LQFRPSDWLELOLW\ EHWZHHQ (QJOLVK DQG *HUPDQ
UHVHDUFKHV LQ WHUPV RI VFLHQWLILF H[SUHVVLRQ H[WHQVLYH WKHRUHWLFDO LQIRUPDWLRQ DQG WHUPV GHILQLWLRQV
DUHSURYLGHGDIWHUFRPSOHWLQJDFRPSUHKHQVLYHOLWHUDWXUHUHYLHZ
 $KXJH UHTXLUHPHQW IRU WKHXVHRI VLPXODWLRQKDV UHVXOWHG LQ DJURZWK LQ WKHQXPEHURI VLPXODWLRQ
ODQJXDJHV DQG SDFNDJHV RQ WKHPDUNHW HVSHFLDOO\ IRU$JHQW%DVHG 6LPXODWLRQ'XH WR WKLV UHDVRQ
ZKLFKVLPXODWLRQ WRRO LV WKHPRVW VXLWDEOHE\ WDNLQJDOO UHTXLUHPHQWVRI WKHVWXG\ LQWRDFFRXQWZDV
XQNQRZQ $Q\/RJLF VLPXODWLRQ VRIWZDUH KDV EHHQ VHOHFWHG IRU FRPSDULVRQ ZLWK RWKHUV FRPSOHWLQJ
DQDO\WLFDODQDO\VHV
:LWKWKHKHOSRIWKHILUVWGHYHORSHGVLPXODWLRQPRGHOFDOOHG&KDQJH3ODQQLQJ6LPXODWLRQ&36WKH






WKH DOO ZDUHKRXVH DFWLYLWLHV DQG LQYHQWRU\ UXOHVZHUH LQVHUWHG LQWR WKH &76 VLPXODWLRQ ,Q RUGHU WR
HQODUJHWKHVSHFLILFDWLRQRIWKH&76VLPXODWLRQDJHQWEDVHGVLPXODWLRQGLVFUHWHHYHQWVLPXODWLRQDQG
VWDWLVWLFDODQDO\VHVSDUWVDUHJHQHUDWHGE\ZULWLQJ-DYDSURJUDPPLQJODQJXDJH
 7KH WKLQNLQJ RI IOH[LELOLW\ FRUULGRUV ZDV HVWDEOLVKHG LQWR WKH VWXG\ WR HQVXUH ZKHWKHU RU QRW WKH
FKDQJHVDUHORFDWHGZLWKLQWKHDFFHSWDEOHXSSHUDQGORZHUOLPLWV3ULRUWRWKLVWKHUHZDVQRVWXG\WKDW
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 1HYHUWKHOHVV XVLQJ FXUUHQW LQWUDORJLVWLFV V\VWHPV LW LV EHFRPLQJ PRUH FKDOOHQJLQJ WR PHDVXUH
VLWXDWLRQVEHFDXVHRISHUIRUPLQJYDULRXVRSHUDWLRQV VLPXOWDQHRXVO\+HQFH WKHSUHYLRXV VWXGLHVDUH













SRLQW VWUDWHJ\ HWF LQWR WKH DQDO\WLFDO PRGHO 2Q WKH RWKHU KDQG ZLWKLQ WKH VFRSH RI WKLV WKHVLV WKH
VLPXODWLRQPRGHOGHVLJQHGLVRQO\WKH&76,QRUGHUWRHYDOXDWHWKHSHUIRUPDQFHRIWKH$656$9656
DQG WKH&76 LQ DQ LGHQWLFDO HQYLURQPHQW D VLPXODWLRQPRGHOZKLFK LQYROYHV WKHVH WKUHH LQWUDORJLVWLFV
V\VWHPVFRXOGEHSUHSDUHG
$VPHQWLRQHGEHIRUH WKHUHZDVQRVFLHQWLILFVWXG\ WRGHILQHWKHOLPLWVRI IOH[LELOLW\FRUULGRUVXQWLO WKLV
UHVHDUFK 7KHUHIRUH QHZ WHFKQLTXHV FDQ EH LPSURYHG DW OHDVW WR H[DPLQH WKH DFFXUDF\ RI WKH FXUUHQW
VWXG\UHVXOWV7KLVUHFRPPHQGDWLRQLVDOVRWUXHRIWKHSHUIRUPDQFHDYDLODELOLW\FDOFXODWLRQ
$QRWKHUVXJJHVWLRQDVDIXWXUHVWXG\FDQEHDQH[WHQVLRQRIWKH&76VLPXODWLRQVFRSH,QWKLVVWXG\WKH









$EX7DLHK (02 DQG 6KHLNK $$5 &RPPHUFLDO 6LPXODWLRQ 3DFNDJHV $ &RPSDUDWLYH 6WXG\
>-RXUQDO@,QWHUQDWLRQDO-RXUQDORI6LPXODWLRQ>VQ@9RO
$OEHU06>HWDO@2QFHOOXODUDXWRPDWRQDSSURDFKHVWRPRGHOLQJELRORJLFDOFHOOV>$UWLFOH@5RVHQWKDO-
DQG*LOOLDP'6 HGV0DWKHPDWLFDO 6\VWHPV7KHRU\ LQ%LRORJ\&RPPXQLFDWLRQ DQG )LQDQFH1HZ
<RUN6SULQJHU9ROSS
$OODQ5RE6XUYH\RI$JHQW%DVHG0RGHOOLQJDQG6LPXODWLRQ7RROV>-RXUQDO@






7RROV >&RQIHUHQFH@ 6HFRQG ,((( ,QWHUQDWLRQDO &RQIHUHQFH  6HOI$GDSWLYH DQG 6HOI2UJDQL]LQJ
6\VWHPV:RUNVKRSV>VQ@SS




$[HOURG5REHUW$GYDQFLQJ WKH$UW RI6LPXODWLRQ LQ WKH6RFLDO 6FLHQFHV >%RRN6HFWLRQ@ 6LPXODWLQJ
6RFLDO3KHQRPHQD+HLGHOEHUJ6SULQJHU%HUOLQ9RO
%DQNV->HWDO@'LVFUHWH(YHQW6\VWHP6LPXODWLRQ>%RRN@,QGLD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%DQNV -HUU\ +DQGERRN RI 6LPXODWLRQ 3ULQFLSOHV0HWKRGRORJ\$GYDQFHV$SSOLFDWLRQV DQG 3UDFWLFH
>%RRN@1HZ<RUN-RKQ:LOH\










%RUVFKHY $ DQG )LOLSSRY $ )URP 6\VWHP '\QDPLFV DQG 'LVFUHWH (YHQW WR3UDFWLFDO $JHQW %DVHG




%UXQQHU 3DXO + DQG 5HFKEHUJHU +HOPXW 3UDFWLFDO +DQGERRN RI 0DWHULDO )ORZ $QDO\VLV >%RRN@
:DVKLQJWRQ'&/HZLV3XEOLVKHUV
&DUOH\ .DWKOHHQ 0 DQG )ULGVPD 'RXJODV % %LRZDU 6FDODEOH DJHQWEDVHG PRGHO RI ELRDWWDFNV
>-RXUQDO@,(((7UDQV6\VW0DQ&\EHUQHW>VQ@9ROSS±














&KULVWRSKHU0 DQG 3HFN + %XLOGLQJ WKH 5HVLOLHQW 6XSSO\ &KDLQ ,QWHUQDWLRQDO -RXUQDO RI /RJLVWLFV
0DQDJHPHQW>-RXUQDO@>VO@9ROSS










'H .RVWHU 5HQH /H'XF 7KR DQG 5RRGEHUJHQ .HHV -DQ 'HVLJQ DQG FRQWURO RI ZDUHKRXVH RUGHU






'UXU\ - 7RZDUGV 0RUH (IILFLHQW 2UGHU 3LFNLQJ >-RXUQDO@ 7KH ,QVWLWXWH RI 0DWHULDOV 0DQDJHPHQW
&UDQILHOG8.,000RQRJUDS\9RO1R




YHKLFOH VWRUDJH DQG UHWULHYDO V\VWHP >-RXUQDO@ >VO@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(OGHPLU ) *UDYHV 5- DQG0DOPERUJ &- $ FRPSDULVRQ RI DOWHUQDWLYH FRQFHSWXDOL]LQJ WRROV IRU
DXWRPDWHG VWRUDJH DQG UHWULHYDO V\VWHPV >-RXUQDO@ >VO@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-DGKDY $QLO 6 DQG 6RQDU 5DMHQGUD 0 )UDPHZRUN IRU HYDOXDWLRQ DQG VHOHFWLRQ RI WKH VRIWZDUH




-XQJPDQQ 7KRUVWHQ DQG 8\JXQ <LOPD] 'DV 'RUWPXQGHU 3UR]HVVNHWWHQPRGHOO LQ GHU ,QWUDORJLVWLN
>$UWLFOH@'DVLVWJDUNHLQ0RGHOO>VO@*DEOHUSS
.DPDJDHZ $ >HW DO@ &RQFHSW RI &HOOXODU 7UDQVSRUW 6\VWHPV LQ )DFLOLW\ /RJLVWLFV >-RXUQDO@ 1HZ
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